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11.  AUnUCT  jOO  worno 

The  results  of  this  research  strongly  support  the  hypothesis  that  polyhalgenated 
cyclic  hydrocarbons  (PCH)  induce  production  of  reactive  oxygen  species  which  may 
contribute  to  many  of  the  toxic  manifestations  associated  with  these  xenobiotics.  A 
non-invasive  method  for  assessing  lipid  peroxidation  and  oxidative  stress  has  been 
developed.  This  method  involves  the  simultaneous  determination  of  the  peroxidative 
lipid- urinary  metabolites  formaldehyde,  malondialdehyde,  acetaldehyde  and  acetone  by 
HPLC.  The  investigators  demonstrated  that  PCH  can  induce  the  formation  of  reactive 
oxygen  species  both  in  vitro  and  in  vivo.  Thus,  PCH  as  endrin  and  lindane  can  induce 
formation  of  reactive  oxygen  species  directly,  and  may  not  involve  an  indirect, 
hormonal  or  messenger  system.  These  PCH  can  induce  formation  of  reactive  oxygen 
species  in  peritoneal  macrophni'.es ,  mitochondria  and  microsomes .  Thus,  multiple 
sources  of  reactive  oxygen  species  exist  in  response  to  PCH.  Antioxidants  can 
inhibit  the  formation  of  reactive  oxygen  species.  A  relationship  appears  to  exist 
between  the  ability  to  induce  reactive  oxygen  species  and  the  formation  of  oxidative 
tissue  dam.age  including  lipid  peroxidation,  DNA  single  strand  breaks,  and  decreased 
membr.ane  fluidity.  In  addition,  l-’vil!  induce  altered  calcium  and  iron  homeostasis. 
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Th«  altered  calcium  distribution  may  lead  to  Irreversible  cell  death,  while 
altered  Iron  distribution  may  contribute  to  the  formation  of  reactive  oxygen 
species. 
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SUMMARY 


We  are  extremely  pleased  with  the  results  which  we  have  obtained  to  date.  The  results 
strongly  support  our  basic  l^othesis  concerning  the  ability  of  polyhalogenated  cyclic 
hydrocarbons  to  induce  production  of  reactive  oxygen  species  which  may  contribute  to  many 
of  the  toxic  manifestations  associated  with  these  xenobiotics.  CXir  results  have  resulted  in 
the  presentation  of  four  papers  at  national  and  international  meetings  during  the  past  year. 
In  addition,  three  manuscripts  have  been  published,  two  manuscripts  are  in  press,  and  three 
additional  manuscripts  have  been  submitted  for  publication.  Copies  of  the  manuscripts  and 
reprints  are  appended. 

A  non-invasive  method  for  assessing  lipid  peroxidation  and  oxidative  stress  has  been 
developed.  This  method  involves  the  simultaneous  determination  of  the  peroxidative  lipid 
urinary  metabolites  formaldehyde,  malondialdebyde,  acetaldehyde  and  acetone  by  HFLC. 
These  techniques  have  many  potential  applications. 

We  have  demonstrated  that  PCH  can  induce  the  formation  of  reactive  oxygen  species  both 
in  vitro  and  in  vivo.  Thus,  PCH  as  endrin  and  lindane  can  induce  formation  of  reactive 
oxygen  species  directly,  and  may  not  involve  an  indirect,  hormonal  or  messenger  system. 
These  PCH  can  induce  formation  of  reactive  oxygen  species  in  peritoneal  macrophages, 
mitochondria  and  microsomes.  Thus,  multiple  sources  of  reactive  oxygen  species  exist  in 
response  to  PCH.  Antioxidants  can  inhibit  the  formation  of  reactive  oxygen  species. 

A  relationship  appears  to  exist  between  the  ability  to  induce  reactive  oxygen  species  and  the 
formation  of  oxidative  tissue  damage  including  lipid  peroxidation,  DNA  single  strand  breaks, 
and  decreased  membrane  fluidity.  In  addition,  PCH  induce  altered  calcium  and  iron 
homeostasis.  The  altered  calcium  distribution  may  lead  to  irreversible  cell  death,  while 
altered  iron  distribution  may  contribute  to  the  formation  of  reactive  oxygen  species. 

Based  on  the  progress  which  has  been  made  to  date,  completion  of  the  specific  aims  which 
have  been  delineated  should  be  completed  within  the  proposed  time  frame  of  the  grant. 


i.  PRESENTATIONS  AT  SCIENTIFIC  MEETINGS 

Excretion  of  Formaldehyde,  Acetaldehyde,  Malondialdebyde  and  Acetone  in  the 
Urine  of  TCDD-Treated  Rats.  M.A  Shara  and  SJ,  Stohs.  Society  of  Toxicology, 
1991.  Dallas,  Texas. 

In  Vitro  Induction  of  Reactive  Oxygen  Species  by  2,3,7,8-Tetrachlorodibenzo-p*dioxin 
and  Other  Polyhalogenated  Cyclic  Hydrocarbons  in  Peritoneal  Macrophages,  and 
Hepatic  Mitochondria  and  Microsomes.  M.  Bagchi  and  SJ.  Stohs.  11th 
International  Symposium  on  Chlorinated  Dioxins  and  Related  Compounds,  1991. 
Research  Triangle  Park,  North  Carolina. 
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Endrin-Induced  Oxidative  Stress  in  Female  Sprague-Dawley  Rats.  M.  Bagchi,  EJi. 

Hassoun,  D.  Bagchi  and  SJ.  Stohs.  Society  of  Toxicology,  1992.  Seattle, 

Washington. 

The  Effects  of  Anti-TNF-a  Monoclonal  Antibody  and  Dexamethasone  on  TCDD* 

Induced  Oxidative  Stress  in  Mice.  N.2L  /Isharif,  E.  Hassoun,  M.  Bagchi  and  SJ. 

Stohs.  Society  of  Toxicology,  1992.  Seattle,  Washington. 

n.  PUBLICATIONS 

1.  Bagchi,  D.,  Bagchi,  M.,  Hassoun,  E.  and  Stohs,  SJ.  Effect  of  Endrin  on  the 
Hepatic  Distribution  of  Iron  and  Calcium  in  Female  Sprague-Dawley  Rats. 
J.  Biochem.  ToxicoL  Z  37-42  (1992). 

2.  Shara,  MA,,  Dickson,  P.H.,  Bagchi,  D.  and  Stohs,  SJ.  Excretion  of 
Formaldehyde,  Malondialdehydc,  Acetaldehyde,  and  Acetone  in  the  Urine  of 
Rats  in  Response  to  2,3,7,8-Tctrachlorodibenzo-p-dioxin,  Paraquat,  Endrin 
and  Carbon  Tetrachloride.  J.  Chromatog.  576.  221-233  (1992). 

3.  Bagchi,  M.,  Hassoun,  E.Q.,  Bagchi,  D.  and  Stohs,  SJ.  Endrin-Induced 
Increases  in  Hepatic  Lipid  Peroxidation,  Membrane  Microviscosity  and  DNA 
Damage  in  Rats.  Arch.  Environ.  Contam.  Toxicol.  1*5  (1992). 

4.  Akubue,  P.I.  and  Stohs,  SJ.  Endrin-Induced  Production  of  Nitric  Oxide  by 
Rat  Peritoneal  Macrophages.  Toxicol.  Letters  (in  press). 

5.  Bagchi,  M.  and  Stohs,  SJ.  In  Vitro  Induction  of  Reactive  Oxygen  Species  by 
2,3,7,8-Tetrachlorodi^n2o-p-dioxin,  Endrin  and  Lindane  in  R.it  Peritonei 
Macrophages,  and  Hepatic  Mitochondria  and  Microsomes.  Free  Rad.  Biol. 
Med,  (in  press). 

6.  Bagchi,  M.,  Hassoun,  E  A,  Bagchi,  D.  and  Stohs,  S  J.  Production  of  Reactive 
Oxygen  Species  by  Peritoneal  Macrophages  and  Hepatic  Mitochondria  and 
Miaosomes  from  Endrin-Treated  Rats.  Free  Rad.  Biol.  Med,  (submitted). 

7.  Bagchi,  D.,  Dickson,  P.H.  and  Stohs,  S  J.  The  Identification  and  Quantitation 
of  Malondialdehydc,  Formaldehyde,  Acetaldehyde  and  Acetone  in  Serum  of 
Rats.  Toxicol.  Methods  (submitted). 

8.  Bagchi,  D.,  Bagchi,  M.,  Hassoun,  E.A  and  Stohs,  SJ.  Time-Dependent 
Effects  of  2,3,7, 8-Tetrachlorodibenzo-p-dioxin  (TODD)  on  Serum  and  Urine 
Levels  of  Malondialdehydc,  Formaldehyde,  Acetaldehyde  and  Acetone  in 
Rats.  Toxicol.  Aopl.  Pharmacol,  (submitted). 
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m.  IDENTinCATION  AND  QUANTITATION  OF  UPID  METABOUC  PRODUCTS 
IN  RESPONSE  TO  POLYHALOGENATED  CYCUC  HYDROCARBONS  (PCH) 

One  of  our  specific  aims  is  the  assessment  of  tissue  damage  in  response  to  oxidative 

stress  induced  by  polyhalogenated  cyclic  hydrocarbons  (PCH).  Lipid  peroxidation  is 

a  potentially  useful  method  for  assessing  oxidative  damage,  but  in  the  past,  a  highly 

specific,  nnn-invasive  method  for  assessing  peroxidative  damage  has  not  been 

available.  We  have  developed  methods  for  the  simultaneous  identification  of 

formaldehyde,  acetaldehyde,  malondialdehyde  and  acetone  in  urine  and  serum  of 

experimental  animals,  and  have  quantitated  the  urinary  exaetion  of  these  lipid 

metabolites  in  response  to  2,3,7,8-tetracblorodibenzo-p-dioxin  (TCDD),  endrin, 

carbon  tetracliloride  and  paraquat.  In  addition,  we  have  also  quantitated  the  serum 

levels  of  these  metabolites  with  time  in  response  to  TCDD. 

Formaldehyde  (FA),  acetaldehyde  (ACT),  malondialdehyde  (MDA)  and  acetone 
(ACON)  were  simultaneously  identified  in  urine,  and  their  excretion  quantitated  in 
response  to  chemically  induced  oxidative  stress.  Urine  samples  of  female  Sprague< 
Dawley  rats  were  coUerted  over  dry  ice  and  derivatized  with  2,4- 
dinitrophenylhydrazine.  The  hydrazones  of  the  four  lipid  metabolic  products  were 
quantitated  by  high-performance  liquid  chromatography  on  a  Waters  10-um 
Bondapak  Cjg  column.  The  identities  of  FA  ACT,  MDA  and  ACON  in  urine  were 
confirmed  by  gas  chromatography-mass  spearometiy.  An  oxidative  stress  was 
induced  by  orally  administering  100  Mg/kg  23,7,8-tetrachlorodibenzo-p-dioxin,  75 
mg/kg  paraquat,  6  mg/kg  endrin  or  2.5  ml/kg  carbon  tetrachloride  to  rats.  Urinary 
excretion  of  FA  ACT,  MDA  and  ACON  increased  re  ative  to  control  animals  24  hrs 


3 


after  treatment  with  all  xenobiotics.  The  system  has  wide-spread  applicability  to  the 
investigation  of  altered  lipid  metabolism  in  disease  states  and  e;q)osure  to 
environmental  pollutants. 

A  high  pressure  liquid  chromatographic  (HPLC)  method  has  been  developed  for  the 
simultaneous  determination  of  serum  levels  of  malondialdehyde  (MDA), 
formaldehyde  (FA),  acetaldehyde  (ACT)  and  acetone  ( ACON).  Serum  samples  were 
derivatized  with  2,4>dinitrophenylhydrazme  (DNPH)  to  form  the  corresponding 
hydrazones  of  the  four  lipid  metabolites.  The  hydrazones  were  extracted  with 
pentane  and  chromatographed  on  a  /iBondapak  column.  Acetonitrile-water 
(49:51  v/v)  was  used  as  the  mobile  phase.  Treatment  of  rats  with  23,7,8- 
tetrachlorodibenzo-p-dioxin  (TCDD)  (50  ug/kg)  resulted  in  marked  time-dependent 
inaeases  in  the  serum  levels  of  the  four  metabolites.  This  HPLC  method  for 
identifying  and  quantitating  formaldehyde,  malondialdehyde,  acetaldehyde  and 
acetone  is  rapid  and  highly  reproducible.  The  method  has  widespread  applicability 
to  the  assessment  of  metabolic  alterations  produced  by  drugs,  disease  states  and 
toxicanis. 

IV.  TIME-DEPENDENT  EFFECTS  OF  2,3,7,8-TETRACHLORODIBENZO.P-DIOXIN 
(TCDD)  ON  SERUM  AND  URINE  LEVELS  OF  MALONDIALDEHYDE, 
FORMALDEHYDE,  ACETALDEHYDE  AND  ACETONE  IN  RATS 

TCDD  was  used  as  a  prototypical  PCH  to  assess  the  comparative  e^ect  of  a 
chemically  induced  oxidative  stress  on  serum  and  urine  levels  of  lipid  metabolites. 
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The  ability  of  TCDD  to  produce  lipid  mobilization  and  alter  lipid  metabolism  is  well 
known.  Previous  studies  have  indicated  that  TCDD  induces  an  oxidative  stress  and 
enhances  lipid  peroxidation.  However,  the  products  resulting  from  altered  lipid 
metabolism  in  response  to  TCDD  have  not  been  studied.  We  have  examined  the 
time-dependent  changes  in  serum  and  urine  levels  of  malondialdehyde,  formaldehyde, 
acetaldehyde  and  acetone  in  response  to  a  single  oral  SO  Mg/kg  dose  of  TCDD  in 
rats.  The  changes  in  these  four  metabolic  products  were  quantitated  by  high  pressure 
liquid  chromatography  (HPLC).  The  effects  of  TCDD  were  compared  with  ad 
libitum  fed  control  animals  and  pair-fed  animals.  Serum  and  urine  levels  of  the  four 
metabolites  were  assayed  on  days  0,  3,  6,  9  and  12. 

Following  TCDD  administration,  significant  increases  in  the  four  metabolites  present 
in  serum  and  urine  were  observed  at  all  time  points.  For  example,  on  day  6  post¬ 
treatment  malondialdehyde,  formaldehyde,  acetaldehyde  and  acetone  increased 
approximately  2.6-,  2.5-,  2.4-  and  6.9-fold  in  serum,  respectively,  and  3.0-,  23-,  3.8- 
and  3.7-foid  in  urine,  respectively.  Increases  were  also  observed  in  the  serum  and 
urine  levels  of  the  four  metabolites  in  pair-fed  animals  relative  to  the  ad  libitum  fed 
control  animals.  However,  the  increases  in  the  serum  and  urine  levels  of  the  four 
metabolites  was  significantly  greater  for  TCDD  animals  as  compared  to  the  pair-fed 
control  animals  at  most  time  points.  When  the  serum  levels  of  malondialdehyde  as 
determined  by  HPIC  were  compared  with  the  results  obtained  by  the  thiobarbituric 
acid  (TBA)  colorimetric  method,  similar  time  courses  were  observed  although  higher 
results  were  obtained  for  the  less  specific  TBA  method.  The  results  clearly 
demonstrate  that  TCDD  causes  markedly  elevated  serum  and  urine  levels  of  four 
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specific  products  associated  with  lipid  metabolism. 


V.  IN  VITRO  INDUCTION  OF  REACTIVE  OXYGEN  SPECIES  BY  TCDD,  ENDRIN 

AND  UNDANE  IN  RAT  PERITONEAL  MACROPHAGES,  AND  HEPATIC 
MITOCHONDRIA  AND  MICROSOMES 


The  ability  to  induce  an  oxidative  stress  by  PCH  has  been  well  demonstrated  in  our 
laboratories.  However,  the  source  of  the  reactive  oj^en  species  is  unclear.  One  of 
our  specific  aims  was  the  comparison  of  the  abilities  of  selected  PCH  to  induce  the 
formation  of  reactive  oxygen  species  in  isolated  tissues  as  rat  peritoneal  macrophages, 
and  hepatic  mitochondria  and  microsomes. 

Hepatic  mitochondria  and  microsomes  as  well  as  peritoneal  macrophages  from 
female  Sprague-Dawley  rats  were  incubated  for  up  to  30  min  at  37  *  C  in  the  presence 
of  0-200  ng/ml  7  3,7,8-tetrachlorodibenzo-p-dioxin  (TCDD),  endrin  (233,4,10,10- 
hexachloro-6, 7-epoxy- 1,4-40,5,6,7, 8, 8a-octahydroendo, endo- 1,4: 5,8- 
dimethanonaphthalene)  and  lindane  (hexachlorocyclohexane).  Production  of  reaaive 
oxygen  species  was  determined  by  chemiluminescence  and  <^ochrome  £  reduction, 
while  potential  tissue  damage  was  assessed  by  alterations  in  membrane  fluidity. 
Chemiluminescence,  a  sensitive  but  nonspecific  measure  of  free  radical  generation, 
increased  40-70%  when  macrophages  (3  x  10®  cells/ml),  mitochondria  and 
microsomes  (1  mg/ml)  were  incubated  with  the  three  polyhalogenated  cyclic 
hydrocarbons  (PCH). 


6 


Maxiinum  increases  in  chemiluminescence  occurred  within  5*10  min  of  incubation 


and  persisted  for  over  30  min.  The  cytochrome  £  reduction  assay  is  most  specific  for 
superoxide  anion  production.  When  hepatic  mitochondria  were  incubated  with 
endrin  and  lindane  for  IS  min  at  100  n^ml,  increases  in  cytochrome  £  reduction  of 
6.5-  and  73-fold  occurred,  respectively,  while  when  microsomes  were  incubated  with 
these  same  two  PCH  increases  in  cytochrome  £  reduction  of  8.6-  and  11.6-fold 
occurred,  respectively.  When  mitochondria,  microsomes  and  macrophages  were 
incubated  with  TCDD  imder  identical  conditions,  small  increases  in  superoxide  anion 
production  were  detected. 

Changes  in  microsomal  membrane  fluidity  were  determined  spectrofluorometrically 
following  incubation  with  the  three  PCH  using  diphenyl-1,3, 5-hexatriene  as  the 
fluorescent  probe.  TCDD,  endrin  and  lindane  enhanced  miaosomal  membrane 
apparent  microviscosity  by  23-,  2.1-,  and  23-fold,  respectively,  indicating  a  significant 
decrease  in  membrane  fluidity.  The  results  clearly  indicate  that  the  three  PCH 
induce  free  radical  formation,  but  superoxide  anion  production  is  enhanced  more  in 
the  presence  of  endrin  and  lindane  than  with  TCDD. 


VT.  PRODUCTION  OF  REACTIVE  OXYGEN  SPECIES  BY  PERITONEAL 
MACROPHAGES  AND  HEPATIC  MITOCHONDRU  AND  MICROSOMES  FROM 
ENDRIN-TREATED  RATS 


The  above  in  vitro  studies  have  indicated  that  incubation  of  rat  peritoneal 
macrophages,  and  hepatic  mitochondria  and  microsomes  results  in  the  formation  of 
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reactive  oxygen  spedes.  We  have  therefore  assessed  the  ability  of  one  of  these  PCH, 
namely  endrin,  to  induce  formation  of  reactive  oxygen  spedes  when  administered 
directly  to  rats. 

Endrin  was  administered  in  com  oil  as  a  single  oral  dose  of  43  mg/kg.  The  effects 
of  endrin  on  hepatic  mitochondrial  and  microsomal  lipid  peroxidation  and  membrane 
fluidity  as  well  as  the  inddence  of  hepatic  nudear  DNA  damage  were  also  examined. 
Twenty-four  hrs  after  endrin  administration,  significant  increases  in  the  production 
of  chemiluminescence  by  the  three  tissue  fractions  were  observed.  Furthermore, 
peritoneal  macrophages  from  endrin  treated  animals  resulted  in  3.0-  and  2.8‘fold 
increases  in  cytochrome  £  and  iodonitrotetrazolium  (INT^  reduction,  indicating 
enhanced  production  of  superoxide  anion.  Endrin  administration  also  resulted  in 
significant  increases  in  lipid  peroxidation  of  mitochondrial  and  miaosomal 
membranes  as  well  as  deaeases  in  the  fluidity  of  these  two  membranous  fractions. 
A  significant  increase  in  hepatic  nuclear  DNA  single  strand  breaks  also  occurred  in 
response  to  endrin  administratioa  The  results  indicate  that  macrophage, 
mitochondria  and  microsomes  produce  reactive  oxygen  species  following  endrin 
administration,  and  these  reactive  oxygen  species  may  contribute  to  the  toxic 
manifestations  of  endrin. 

Vn.  ENDRIN-INDUCED  PRODUCTION  OF  NITRIC  OXIDE  BY  RAT  PERITONEAL 
MACROPHAGES 


Nitric  oxide  has  been  shown  to  be  an  important  cellular  transmitter  in  many 


biological  systems.  Kupffer  cells,  bone  marrow  and  wound  macrophages  have  the 
capacity  to  release  nitric  oxide  as  nitrite.  The  synthesis  of  nitric  oxide  by 
macrophages  produce  cytotoxic  and  cytostatic  effects.  The  formation  of  nitric  oxide 
is  an  indicator  of  macrophage  activation  and  the  potential  production  of  an  oxidative 
stress.  Therefore,  the  effect  of  oral  endrin  administration  to  rats  on  the  production 
of  nitric  oxide  (NO)  by  peritoneal  macrophages  was  investigated.  Nitric  oxide 
formation  was  measured  as  nitrite.  Endrin  (4J  mg/kg)  enhanced  the  secretion  of 
NO  by  approximately  300%.  The  effect  of  endrin  on  NO  formation  was  both  dose- 
and  time-dependent  Ellagic  acid,  which  has  been  shown  to  be  a  potent  antioxidant 
inhibited  the  elevation  of  NO  production  induced  by  endrin.  These  results  suggest 
that  the  toxicity  of  endrin  may  at  least  in  part  be  due  to  the  production  of  an 
oxidative  stress. 


Vin.  ENDRIN-INDUCED  INCREASES  IN  HEPATIC  LIPID  PEROXIDATION, 
MEMBRANE  MICROVISCOSITY  AND  DNA  DAMAGE  IN  RATS 

The  above  studies  have  extensively  documented  that  PCH  induce  an  oxidative  stress 
which  may  contribute  to  the  toxic  manifestations  of  these  xenobiotics.  In  order  to 
further  assess  the  possible  role  of  oxidative  stress  in  the  toxicity  of  the  prototypical 
PCH  endrin,  the  dose-  and  time-dependent  effects  of  endrin  on  hepatic  lipid 
peroxidation,  membrane  microviscosity  and  DNA  damage  in  rats  were  examined. 
Rats  were  treated  with  0,  3.0,  4.5,  or  6.0  mg  endrin/kg  as  a  single  oral  dose  in  com 
oil,  and  the  animals  were  killed  0,  12,  24,  48  or  72  hrs  post-treatment. 
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Dose-dependent  increases  in  hepatic  mitochondrial  and  microsomal  lipid 
peroxidation  and  microviscosity  as  well  as  nuclear  DNA  single  strand  breaks  were 
observed  as  early  as  12  hrs  post- treatment  Maximum  inaeases  in  these  three 
parameters  occurred  24  hrs  after  endrin  administration  at  all  three  doses.  While  the 
incidence  in  DNA  damage  deaeased  with  time  after  24  hrs,  the  incidence  of  lipid 
peroxidation  and  microvisoosity  of  microsomal  and  mitochondrial  membranes 
remained  relatively  constant  Dose-  and  time-dependent  increases  in  liver  and  spleen 
weight/body  weight  ratios  with  decreases  in  thymus  weight/body  weight  ratios  were 
observed.  The  data  indicate  that  endrin  administration  induces  hepatic  lipid 
peroxidation  which  may  be  responsible  for  the  increased  membrane  microviscosity 
as  a  result  of  membrane  damage  as  well  as  enhanced  DNA  damage. 

DC  EFFECT  OF  ENDRIN  ON  THE  HEPATIC  DISTRIBUTION  OF  IRON  AND 
CALCIUM  IN  FEMALE  RATS 


A  possible  role  between  the  cellular  distribution  of  iron  and  the  toxicity  of  PCH 
which  induce  an  oxidative  stress  may  exist  The  role  of  iron  in  the  formation  of 
reactive  oxygen  species  is  well  known.  Furthermore,  the  probable  role  of  calcium 
ions  in  toxic  cell  injury  has  attracted  extensive  interest  For  example,  evidence 
indicates  that  calcium  play  an  important  role  in  cell  lolling  in  the  immune  system. 
Sustained  increases  in  intracellular  calcium  can  activate  cytotoxic  mechanisms 
associated  with  irreversible  cell  injury  which  ultimately  lead  to  cell  death.  The 
perturbation  of  calcium  homeostasis  in  toxicant-induced  liver  injury  may  be  due  to 
permeability  changes  in  plasma  membranes  or  altered  intracellular  calcium 
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distributioiL  In  our  studies,  we  have  used  endrin  as  a  protot^ical  PCH,  and  have 
examined  its  effects  on  iron  and  caidum  distribution  in  hepatic  mitochondria, 
microsomes  and  nudei  of  rats  as  a  function  of  dose  and  time.  The  effect  of  vitamin 
E  succinate  on  endrin*induced  alterations  in  iron  and  caldiim  homeostasis  was 
assessed.  If  vitamin  E  sucdnate  can  prevent  the  effects  of  endrin,  the  use  of  this 
antioxidant  further  supports  the  role  of  oxidative  stress  and  reactive  oxygen  ^des 
in  the  toxidty  of  endrin  and  therefore  presumably  other  PCH. 

Endrin  in  com  oil  was  administered  orally  to  rats  in  single  doses  of  0,  3,  4J,  or  6 
mg/kg,  and  the  animals  were  killed  at  0,  12,  24,  48,  or  72  hrs  post>treatment.  Iron 
and  caidum  were  determined  by  atomic  absorption  spectroscopy.  The  administration 
of  endrin  inaeased  the  iron  content  of  microsomes  and  nudei.  Significant  increases 
occurred  in  the  caidum  content  of  mitochondria,  miaosomes,  and  nudei.  Thus,  the 
results  indicate  that  with  respect  to  the  subcellular  distribution  of  iron  and  caidum, 
endrin  produces  differential  effects. 

Vitamin  E  succinate  administration  partially  prevented  the  endrin-induced  hepatic 
alterations  in  iron  and  caidum  homeostasis.  Endrin  also  produced  dose-  and  time- 
dependent  increases  in  the  liver  and  spleen  weight/body  weight  ratios,  while 
decreasing  the  thymus  weight/body  weight  ratios.  The  altered  distribution  of  caidum 
and  iron  may  contribute  to  the  broad  range  of  effects  of  endrin. 
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ABSTRACT 

Formaldehyde  (FA),  acetaldehyde  (ACT),  malondialdehyde  (MDA)  and  acetone  (ACON)  were  simultaneously  ideniihed  in  urine, 
and  their  excretion  quantitated  in  resoonse  to  chemically  induced  oxidative  stress.  Urine  samples  of  female  Sprague-Dawley  rats  were 
collected  over  dry  ice  and  derivatised  with  2.4^initrophenylhydrazine.  The  hydrazones  of  the  four  lipid  meubolic  products  were 
quantitated  by  high-performance  liquid  chromatography  on  a  Waters  IO-)im  p-Bondapak  C,,  column.  The  identities  of  FA.  ACT. 
MDA  and  ACON  in  urine  were  conArmed  by  ps  chromatography-mau  spectrometry.  An  oxidative  stress  was  induced  by  orally 
administering  100  fi$/kg  2.3.7.8-tetrachlorodibenzo-p-dioxin.  75  mg/kg  paraquat.  6  mg/kg  endrin  or  2.5  mhkg  carbon  tetrachloride  to 
rats.  Urinary  excretion  of  FA.  ACT.  MDA  and  ACON  increased  relative  to  control  animals  24  h  aOer  treatment  with  all  xenobiotics. 
The  system  has  wide-spread  applicability  to  the  investiplion  of  altered  lipid  metabolisrr.  in  disease  states  and  exposure  to  envi¬ 
ronmental  pollutants. 


INTRODUCTION 

The  peroxidation  of  membrane  lipids  is  associ¬ 
ated  with  a  wide  variety  of  toxicological  effects, 
including  decreased  membrane  fluidity  and  func¬ 
tion.  impaired  mitochondrial  and  Golgi  appara¬ 
tus  functions,  inhibition  of  en/ymes  associated 
with  various  organelles  including  the  endoplas¬ 
mic  reticulum,  and  impaired  calcium  homeostasis 
[1.2].  In  many  human  diseases,  membrane  dam¬ 
age  often  occurs  in  an  organ  or  tissue,  which  pro¬ 
vokes  lipid  peroxidation  and  accelerates  the  dis¬ 
order  [3].  When  lipid  peroxides  and  peroxidation 
products  accumulate,  they  leak  from  the  organ  or 
tissue  into  the  bloodstream  and  may  be  excreted 
in  the  urine  [1.3].  Lipid  peroxidation  reflects  (he 
interaction  between  molecular  oxygen  and  poly¬ 


unsaturated  fatty  acids,  resulting  in  the  oxidative 
deterioration  of  the  latter  with  the  production  of 
various  breakdown  products  including  alcohols, 
aldehydes,  ketones  and  ethers  [4,5]. 

The  detection  of  lipid  peroxidation  products  in 
the  urine  provides  a  non-invasive  method  of  as- 
'sessing  lipid  metabolism  and  oxidative  stress. 
Ekstrom  ei  al.  [6]  reported  the  detection  of  urin¬ 
ary  malondialdehyde  (MDA)  after  derivatization 
with  2,4-dinitrophenylhydrazine  (DNPH).  and 
separation  of  the  adducts  by  high-performance 
liquid  chromatography  (HPLC).  Identification 
of  the  hydrazone  derivative  of  MDA  was  based 
on  HPLC  retention  time.  Ekstrom  ei  ai.  [7]  also 
confirmed  the  identity  of  the  MDA  hydrazone 
standard  by  means  of  mass  spectrometry  (MS). 
However,  the  identity  of  the  MDA  hydrazone 
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from  urine  which  hud  been  derivatized  with 
DNPH  was  not  confirmed  by  MS.  Furthermore, 
no  attempt  was  made  to  identify  any  of  the  other 
peaks  which  could  be  separated  by  HPLC.  In  the 
present  study,  four  lipid  metabolites  have  been 
I  t  'tifi.Kl  in  the  urine  of  rau  by  HPLC  and  gas 
chromatography-mass  spectrometry  (GC-MS). 
and  the  effect  of  free  radical-induced  cell  injury 
by  2,3.7.8-tetrachlorodiben20-p-dioxin  (TCDD). 
paraquat,  endrin  and  carbon  tetrachloride  on  the 
excretion  of  these  metabolites  has  been  examin¬ 
ed. 

E.XPERIMENTAL 

Animals 

Female  Sprague-Dawley  rats,  weighing  140- 
160  g  (Sasco.  Omaha.  NE,  USA),  were  used  in 
these  studies.  All  animals  were  acclimated  three 
to  five  days  prior  to  use.  1'CDD  was  obtained 
from  the  Chemical  Resource  Program.  National 
Cancer  Institute  (Bethesda.  MD,  USA).  TCDD 
was  dissolved  in  com  oil  containing  I0%  ace¬ 
tone.  and  was  administered  intragastricaily  at  a 
single  dose  of  IOO/ig/kg(8].  The  herbicide  para¬ 
quat  was  dissolved  in  water  and  given  orally  at  a 
single  dose  of  75  mg/kg  (I.9).  The  chlorinated  cy¬ 
clodiene  insecticide  endrin  (lO)  and  carbon  tetra¬ 
chloride  [Ml]  were  dissolved  in  corn  oil  and  ad¬ 
ministered  orally  at  single  doses  of  6.0  mg/kg  and 
2.5  ml/kg.  respectively.  Control  animals  received 
the  corresponding  vehicles. 

Urine  collection 

Rats  were  placed  in  metabolism  cages  (Nal- 
gene,  Rochester.  NY,  USA)  for  urine  collection 
between  2 1. 75  and  26.25  h  after  treatment.  Dur¬ 
ing  urine  collection,  the  animals  were  allowed 
free  access  to  tap  water  but  received  no  food.  The 
urine-collecting  vessels  were  positioned  over  sty¬ 
rofoam  containers  filled  with  dry  ice  which  per¬ 
mitted  the  collection  of  urine  in  the  I'rozen  state 
over  the  4.5-h  period.  The  collected  urine  was  al¬ 
so  free  from  contamination  of  food  particles 
since  the  animals  received  no  food  during  the 
urine  collection  period. 


Derivaiization  and  extraction  of  lipid  metabolites 

DNPH  was  used  as  the  derivatizing  agent  in 
the  identification  and  quantitation  of  urinary  me¬ 
tabolites.  DNPH  (3I0  mg)  was  dissolved  in  IOC 
ml  of  2  A/  hydrochloric  acid  to  make  the  denv- 
atizing  reagent.  In  50-ml  screw-capped  PTFE- 
lined  tubes.  I.O-ml  aliquots  of  urine,  8.8  ml  of 
water  and  0.20  ml  (3. 1 3  pmol)  of  DNPH  reagent 
were  mixed,  followed  by  the  addition  of  20  ml  of 
pentane.  The  tubes  were  intermittently  shaken 
for  30  min.  and  the  organic  phases  were  removed. 
The  aqueous  phases  were  extracted  with  addi¬ 
tional  20-ml  aliquots  of  pentane.  The  pentane  ex¬ 
tracts  were  combined,  evaporated  under  a  stream 
of  nitrogen  in  a  37*C  water  bath  and  reconstitut¬ 
ed  in  0.40  ml  of  acetonitrile.  A  20-/<l  aliquot  of 
each  sample  was  injected  onto  the  HPLC  column 
and  the  peaks  were  isocratically  eluted  as  de¬ 
scribed  below. 

High-performance  liquid  chromatography 

The  HPLC  system  consisted  of  a  Waters  Mod¬ 
el  5I0  pump  (Milford.  MA.  USA),  a  Model  U6K 
Waters  loop  injector,  a  Waters  /r-Bondapak  Cig 
(lO  /im  particle  size.  1 25  A.  30  cm  x  3.9  mm 
I  D.)  reversed-phase  column  fitted  with  a  Rainin 
RP-I8.  5-pm  OD-GU  pre-column  (Rainin.  Wo¬ 
burn.  MA.  USA),  a  Waters  Model  484  tunable 
absorbance  detector  and  a  Fisher  Recordall  (Se¬ 
ries  5000)  strip  chart  recorder.  The  acetonitrile- 
water  (49:5!.  v/v)  mobile  phase  was  filtered 
through  a  Rainin  Nylon-66  membrane  filter  (0.45 
pm  pore  size),  degassed  using  a  Millipore  filtra¬ 
tion  kit  (Rainin)  and  pumped  at  a  flow-rate  of  I 
ml/ min.  The  detector  was  set  at  a  wavelength  of 
330  nm  and  0.0 1  absorbance  units  full  scale 
(a.u.f.s.).  The  chart  recorder  speed  was  0.25  cm/ 
min.  Following  injection  of  a  sample,  the  isocrat- 
ic  elution  was  carried  out  for  40  min. 

Hydrazone  standards 

Synthetic  hydrazone  derivatives  were  prepared 
by  reacting  30  ml  of  DNPH  stock  solution  v/ith 
an  excess  (I-3  mmol)  of  formaldehyde  (FA), 
acetaldehyde  (ACT).  MDA  or  acetone  (ACON). 
The  reaction  proceeded  rapidly  at  room  temper- 
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uture.  The  precipitated  hydrazones  were  filtered, 
dried  and  recrystallized  from  methanol.  Solu> 
tions  containing  50  ng//tl  of  the  four  synthetic 
hydrazones  were  prepared  and  chromatographed 
as  described  above.  Urine  samples  were  spiked 
with  known  amounts  of  each  of  the  synthetic  hy- 
drazones  to  identify  and/or  confirm  the  urinary 
hydrazones  by  HPLC  co-elution. 

Acetonitrile  solutions  (100  ^g/ml)  of  the  four 
synthetic  hydrazones  were  prepared,  and  a  UV- 
visible  scan  between  500  and  300  nm  was  ob¬ 
tained  in  a  Perkin-Elmcr  Lambda  6  spectropho¬ 
tometer  in  order  to  determine  the  absorption 
maxima  for  the  four  hydrazones. 

To  calculate  the  percentage  extraction  recov¬ 
eries.  0. 0.5.  1. 2. 3  or  5  /tg  of  each  of  the  synthetic 
hydrazones  of  FA,  ACT.  MOA  and  ACON  were 
added  to  I.O-ml  urine  samples  obtained  from 
control  animals  during  a  single  collection.  The 
same  extraction  procedure  described  above  was 
applied  and  the  percent  recoveries  were  calculat¬ 
ed. 

Gas  chromatography-mass  spectrometry 

In  order  to  determine  the  identity  of  lipid  ex¬ 
cretion  products  in  the  urine.  GC-MS  analyses 
were  performed.  The  GC-MS  system  consisted 
of  a  Hewlett-Packard  Model  5890  gas  chromato¬ 
graph  (Fullerton.  CA.  USA)  with  a  15  m  x  0.32 
mm  I.D.  capillary  column  0.25  pm  film  thicknes.s 
(Supelco  SPB-5.  Bellefonte.  PA.  USA)  which  was 
connected  directly  to  the  mass  spectrometer  via  a 
heated  transfer  line.  The  transfer  line  temper¬ 
ature  was  maintained  at  250'C.  The  carrier  gas 
was  helium  at  an  average  linear  velocity  of  65.8 
cm/s.  and  the  injector  temperature  was  230*C. 
The  injector  was  operated  in  the  splitless  mode.  A 
temperature  program  was  used  which  consisted 
of  a  starting  temperature  of  75*C  which  was  in¬ 
creased  to  I75*C  at  increments  of  25*C/min.  Be¬ 
tween  175  and  200°C  the  temperature  was  in¬ 
creased  at  a  rate  of  5*C/min.  and  finally  to  300‘C 
at  increments  of  25'C/min.  The  mass  spectrom¬ 
eter  was  a  Finnigan-MAT  Model  50  B  quadru- 
pole  instrument  (Palo  Alto.  CA.  USA)  in  combi¬ 
nation  with  an  INCOS  data  system.  The  instru¬ 
ment  was  set  on  electron  ionization  mode.  The 


ion  source  temperature  was  I80*C.  and  the  ion¬ 
ization  energy  was  70  eV.  The  system  was  cou¬ 
pled  to  a  Data  General  Model  DG  10  computer 
(Southboro.  MA.  USA)  and  a  Printronix  Model 
MVP  printer  (Irvine.  CA.  USA). 

For  GC-MS  analysis,  the  four  hydrazone  de¬ 
rivatives  of  FA.  ACT.  MOA  and  ACON  were 
dissolved  in  chloroform  (50  ng/|jl).  Similarly,  hy- 
drazine-derivatized  urine  samples  were  rccoi.s'i- 
tuted  in  chloroform.  Samples  (2  p\)  of  standards 
and  extracts  were  injected  onto  the  GC-MS  sys¬ 
tem. 

Following  the  full-spectrum  identification  of 
each  of  the  hydrazones.  a  selective  ion  monitor¬ 
ing  (SIM)  program  was  prepared,  and  additional 
spectra  were  obtained  in  the  SIM  mode. 

Statistical  methods 

Significance  between  pairs  of  mean  values  was 
determined  by  Student's  /-test.  A  P  <  0.05  was 
considered  significant  for  all  analyses. 

RESULTS 

Identification  of  urinary  lipid  metabolites 

Utilizing  HPLC  and  GC  co-elution  methods  as 
well  as  MS  techniques.  MDA.  FA.  ACT  and 
ACON  were  identified  as  urinary  lipid  metabo¬ 
lites. 

UV-visible  scan  studies  indicated  that  the  ab¬ 
sorption  maxima  of  the  four  sythetic  hydrazones 
of  MDA.  FA.  ACT  and  ACON  were  307.  349. 
359  and  362  nm.  respectively.  Therefore.  330  nm 
was  routinely  used  to  monitor  these  compounds 
by  HPLC.  The  extraction  recoveries  of  the 
MDA,  FA.  ACT  and  ACON  hydrazones  were 
74. 78.  88  and  91  %.  respectively,  based  on  studies 
involving  the  addition  of  known  amounts  of  the 
hydrazone  derivatives  to  control  urine. 

Fig.  lA  depicts  a  typical  HPLC  profile  of  the 
four  hydrazone  standards,  while  Fig.  IB  and  C 
contain  representative  HPLC  profiles  form  urine 
of  control  and  TCDD-treated  rats,  respectively. 
Fig.  2A  is  a  typical  GC-MS  elution  profile  of  the 
hydrazones  of  standard  FA.  ACT.  MDA  and 
ACON.  The  retention  times  for  the  standards  ex¬ 
actly  corresponded  with  the  chromatographic 
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Fig.  I.  Chromaiograms  of  DNPH  derivaiivea  of  malondialdehyde  (MDA).  rormaldehyde  (FA),  aceialdcliydc  (ACT)  and  aceione 
(ACON)  (A)  Standards;  (B)  urine  from  control  animals:  (C)  urine  from  TCDD-trtaied  animals  A  20-;il  volume  of  eacti  sample  was 
injected. 


peaks  for  extracts  of  urine,  and  co-elution  oc¬ 
curred  when  the  standards  were  added  to  the 
urine  samples  for  both  HPLC  and  GC.  Urine 
samples  were  also  spiked  with  synthetic  hydra- 
zone  samples  to  identify  and  confirm  the  urinary 
hydrazones  by  co-elution. 

The  order  of  elution  of  the  four  hydrazones 
upon  GC  WHS  similar  but  not  identical  to  that  of 
the  HPLC.  Fig.  2B  is  a  typical  full-scanning  GC- 
MS  profile  of  the  hydrazone  derivatives  extracted 
from  a  urine  sample.  There  are  two  notable  dif¬ 
ferences  as  compared  to  the  HPLC  profile.  The 
FA  derivative  (5.4  min)  eluted  first  upon  GC.  and 
the  ACON  derivative  (7.4  min)  eluted  last.  The 
order  of  GC  elution  of  MDA  and  FA  was  re¬ 
versed  in  contrast  to  the  order  observed  on 
HPLC.  In  addition,  the  ACT  derivative  e.'  hibited 


two  peaks  (6.3  and  6.6  min),  corresponding  to  its 
syn  and  anii  isomers  which  were  separated  by  GC 
but  not  by  HPLC  (Figs.  lA  and  2A). 

The  MS  data  for  the  four  lipid  metabolites  are 
presented  in  Figs.  3-6.  The  molecular  ions  210, 
234.  224  and  238  of  the  synthetic  hydrazones  of 
FA,  MDA.  ACT  and  ACON.  respectively,  were 
identified  (Fig.i.  3A,  4A.  5A  and  6A).  The  same 
molecular  ions  were  demonstrated  in  extracts  of 
urine  samples  following  GC--MS  (Figs.  3B.  4B. 
5B  and  6B).  It  should  be  rioted  that  the  MS  of 
urinary  MDA  (Fig.  4B)  also  contains  peaks  of 
FA  since  the  GC  separation  of  the  MDA  and  FA 
was  incomplete.  However,  the  results  clearly 
show  that  FA.  MDA.  ACT  and  ACON  were  ex¬ 
creted  in  the  urine  of  rats. 

SIM  was  also  used  to  provide  further  confir- 
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Fig,  2.  (A)  Full-scanning  GC-MS  of  DNPH  derivatives  of  formaldehyde  (FA),  malondialdehydc  (MDA).  acetaldehyde  (ACT)  and 
acetone  (ACON)  standards:  (B)  full-scanning  GC-MS  of  rat  urine. 
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mation  of  the  identity  of  the  four  lipid  metabo¬ 
lites  in  urine.  Ion  chromatograms  for  a  mixture 
of  the  hydrazones  of  the  four  reference  standards 
and  an  extract  of  urine  are  presented  in  Fig.  7A 
and  B,  respectively.  The  ions  which  were  selected 
in  this  display  mode  are  1S8  and  234  for  MDA. 
210  for  FA.  224  for  ACT  and  238  for  ACON.  A 
comparison  of  Fig.  7A  and  B  clearly  demon¬ 
strates  that  the  mass  ions  produced  by  the  four 
standards  were  associated  with  the  components 
of  urine  that  were  separated  by  GC.  The  results 
provide  further  confirmation  of  the  identities  of 
the  four  lipid  metabolites  in  the  urine  of  rats. 

Construction  of  calibration  curves 
Calibration  curves  for  each  of  the  synthetic  hy¬ 
drazones,  namely  MDA,  FA.  ACT  and  ACON. 
were  generated.  The  concentrations  for  each 
standard  which  were  injected  and  chromato¬ 
graphed  were  0,5,  1,  2,  4,  10,  20  nmol/ml  for 
MDA  hydrazone,  5.  10.  20. 40.  60,  100  nmol/ml 
for  FA  hydrazone  and  1.  2.  5,  10,  25  and  50 
nmol/ml  of  ACT  and  ACON  hydrazone  stan¬ 
dards.  Each  dilution  was  injected  and  chromato¬ 
graphed  in  triplicate.  The  concentrations  of  each 
standard,  MDA.  FA.  ACT  and  ACON  hydra- 
zones.  were  plotted  against  the  peak  height  ob¬ 
tained.  Peak  heights  were  directly  proportional 
to  the  amount  of  hydrazone  injected.  In  each 
case,  the  calibration  line  was  linear,  with  all 
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points  having  u  very  small  standard  deviation. 
The  r  values  were  0.9917  for  MDA.  0.9867  for 
FA,  0.9798  for  ACT  and  0.9853  for  ACON. 

Quantitation  of  urinary  lipid  metabolites 

GC  is  not  ideal  for  quantitation  because  of 
poor  peak  shape  of  the  hydrazone  derivatives, 
but  it  is  suificient  for  identification  by  GC-MS. 
The  hydrazone  samples  are  well  chromato¬ 
graphed  by  HPLC  and  thus  were  used  for  quanti¬ 
tation.  The  accuracy  of  the  HPLC  quantitation 
technique  was  determined  by  standard  addition 
technique.  Addition  of  even  5  pmol  of  any  of 
these  hydrazone  derivatives  was  accurately  re¬ 
flected  in  the  peak  heights.  The  limits  of  detection 
for  MDA.  FA.  ACT  and  ACON  were  2.  0.5.  0.3 
and  0.2  pmol  injected,  respectively. 

Previous  studies  by  Ekstrom  et  al.  [7]  have 
quantitated  the  urinary  excretion  of  MDA  by 
HPLC  following  treatment  with  hydroquinone 
and  chloroform.  No  other  urinary  lipid  perox¬ 
idation  products  were  examined  or  identified. 
However,  several  large  peaks  eluting  downfield 
from  the  MDA  peak  are  readily  observable  on 
the  HPLC  profile  published  by  Ekstrom  et  al.  [7] 
but  were  not  identified. 

The  results  in  Table  1  provide  quantitative  data 
for  control,  and  TCDD-.  paraquat-,  endrin-  and 
carbon  tetrachloride-treated  animals  24  h  post¬ 
treatment.  The  results  are  presented  as  nmol/ kg 


Table i 

EXCRETION  OF  MALONDIALDEHYDE.  FORMALDEHYDE.  ACETALDEHYDE  AND  ACETONE  BY  RATS  TREATED 
WITH  ENDRIN.  CARBON  TETRACHLORIDE.  PARAQUAT  AND  TCDD 

Each  value  is  ihe  mean  of  four  animals.  Urine  was  collected  from  21.75  h  to  26.25  h  posi-ireaimenl  (4.5  h). 


Excretion 

product 

Excretion  (nmol  kg  body  weight  per  4.5  h) 

Control 

Endrin- 

t reared 
(6  mg  kg) 

Carbon 

telrachloride-trcaied 
(2.5  ml  kg) 

Paraquat- 
treated 
(75  mg  kg) 

TCDD- 
treated 
(lOO/ig  kg) 

Malondialdehyde 

1  45  ±  0.23 

3  67  ±  0.31* 

1  94  ±  0.26- 

3.69  ±  0.35* 

l.7t  ±  0.16 

Formaldehyde 

32.87  ±2.11 

70.60  ±  4  81* 

43.56  ±  3.52* 

73.61  ±  5.91* 

4931  ±  3.58* 

.Acetaldehyde 

1.77  ±  0  28 

3  41  ±  0  29* 

2  31  ±  0  32* 

7  25  ±  0.54* 

2  49  ±  0.20* 

Acetone 

2.81  ±  0.31 

7  92  ±  0.47* 

5  71  ±  0  57* 

.70  01  ±  2.13* 

5.29  ±  0.63* 

‘  P  <  0  05  with  respect  to  the  control  group. 
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body  weight  per  4.5  h.  As  can  be  seen,  these  four 
toxicants  produced  varying  increases  in  the  ex¬ 
cretion  of  MDA.  FA.  ACT  and  ACON  as  com¬ 
pared  to  the  results  for  control  animals.  Of  the 
four  metabolites.  FA  was  excreted  in  the  greatest 
amount.  The  greatest  increase  (10.7-fold)  in  the 
excretion  of  the  four  metabolites  occurred  with 
ACON  in  response  to  paraquat.  Paraquat  ad¬ 
ministration  also  resulted  in  a  2.4-fold  increase  in 
ACT  excretion,  while  paraquat  and  endrin  pro¬ 
duced  2.2-  and  2.1 -fold  increases  in  FA  excretion. 

DISCUSSION 

FA.  ACT.  MDA  and  ACON  have  been  identi¬ 
fied  and  quantitated  in  the  urine  of  rats  employ¬ 
ing  a  single  HPLC  system.  Furthermore,  four 
toxicants  with  apparently  different  mechanisms 
of  free  radical-induced  cell  injury  [1.8,10]  all  en¬ 
hance  the  excretion  of  these  four  lipid  metabo¬ 
lites  (Table  1).  Direct  comparisons  of  urinary  lip¬ 
id  metabolites  in  response  to  the  four  toxicants 
cannot  be  made  since  the  effects  are  dependent 
upon  dose  and  the  differing  toxicokinetics  of 
each  xenobiotic.  Furthermore,  urine  collections 
were  made  at  only  a  single  interval. 

Previous  studies  have  identified  MDA  in  vari¬ 
ous  biological  matrices  by  means  of  diverse  chro¬ 
matographic  techniques.  Draper  et  al.  [12]  ap¬ 
plied  HPLC  prbcedures  to  thiobarbituric  acid- 
derivatized  urine  samples  and  were  able  to  identi¬ 
fy  low  levels  of  MDA  after  an  acid  hydrolysis 
procedure  was  applied.  Alterations  in  free  MDA 
levels  in  the  urine  of  rats  treated  with  the  herbi¬ 
cide  paraquat  have  been  reported  by  Tomita  ct 
al.  [9].  Paraquat  is  known  for  its  redox  cycling 
and  ability  to  induce  an  oxidative  stress  [9]. 

Ekstrom  et  al.  [6]  reported  the  detection  of 
urinary  MDA  after  derivatizing  with  DNPH  and 
separating  the  adducts  by  HPLC  procedures.  The 
identity  of  the  MDA  hydrazone  was  confirmed 
only  by  retention  time.  Later.  Ekstrom  et  al.  [7] 
confirmed  the  identity  of  the  MDA  hydrazone 
derivative  standard  by  means  of  MS.  However, 
the  identity  of  MDA  from  urine  which  had  been 
derivatized  with  DNPH  was  not  confirmed  by 
MS.  Furthermore,  no  attempt  was  made  to  iden¬ 


tify  any  of  the  other  peaks  clearly  present  on  the 
UV-visible  trace  of  the  chromatograph. 

Serum  MDA  has  been  identified  by  Kawai  et 
al.  [13]  using  similar  HPLC  techniques  to  those  of 
Ekstrom  et  al.  [7].  while  Largilliere  and  Melan- 
con  [14]  determined  free  MDA  in  plasma  by 
HPLC.  Lee  and  Csallany  [15]  have  assessed  free 
MDA  in  rat  liver  by  HPLC.  Tomita  et  al.  [16] 
reported  a  method  for  the  determination  of  urin¬ 
ary  MDA  by  means  of  GC  and  electron-capture 
detection  utilizing  pentafluorophenylhydrazine 
as  the  derivatizing  agent.  Poli  et  al.  [17]  identified 
MDA.  4-hydroxynonenal.  propanol,  butanone 
and  hexanal  in  liver  utilizing  a  combination  of 
thin-layer  chromatography  and  HPLC  tech¬ 
niques.  However.  FA.  ACT  and  ACON  were  not 
identified. 

Free  ACT  in  blood  has  been  determined  as  the 
DNPH  derivative  by  HPLC  [18].  Formaldehyde 
and  ACT  have  been  identified  in  urban  air  [19] 
and  industrial  surfactants  [20]  as  their  DNPH  de¬ 
rivatives  by  HPLC.  However,  these  procedures 
have  not  been  applied  to  biological  samples. 

The  sources  of  the  four  lipid  metabolites  which 
have  been  identified  are  not  entirely  clear.  The 
increases  in  these  products  may  be  due  to  either 
lipid  peroxidation  or  ^-oxidation.  Dhanakoti 
and  Draper  [1 1]  demonstrated  that  urinary  MDA 
excretion  was  enhanced  following  administration 
of  the  known  liver  toxin  carbon  tetrachloride  and 
the  free  radical  generating  anthracycline  antine¬ 
oplastic  aiuibiotic  adriamycin.  Furthermore,  the 
fate  of  radiolabeled  MDA  administered  to  rats 
was  examined.  MDA  appeared  to  be  extensively 
metabolized  to  acetate  and  carbon  dioxide. 
Based  on  these  observations,  the  urinary  acetal¬ 
dehyde  identified  in  this  study  may  arise  from  the 
breakdown  of  MDA  which  is  formed  due  to  lipid 
peroxidation.  Previous  studies  have  shown  that 
TCDD  [20].  paraquat  [ I ].  carbon  tetrachloride  [I ] 
and  endrin  [10]  produce  marked  increases  in  the 
formation  of  M  DA  and  other  thiobarbituric  acid 
reactive  substances  in  the  liver. 

The  enhanced  formation  of  ACON  in  response 
to  disease  states  such  as  diabetes  as  a  conse¬ 
quence  of  enhanced  /Loxidaticn  is  also  well 
known  [21].  Winters  et  al.  [22]  reported  that  rat 
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liver  microsomes  metabolized  glycerol  to  FA. 
Glycerol  is  a  product  of  the  metabolism  of  trigly- 
cendcs  by  adipose  tissue  and  other  tissues  that 
possess  the  enzyme  that  activates  glycerol,  name¬ 
ly.  glycerol  kinase.  Liver  and  brown  tissue  are 
known  to  have  high  glycerol  kinase  levels  (22). 
Other  possible  sources  of  FA  might  include  the 
breakdown  of  M  DA  to  acetate  or  ACT  and  a  one 
carbon  fragment  (11).  and/or  the  cleavage  of  a 
one  carbon  fragment  from  acetoacetic  acid  with 
the  formation  of  ACON. 

The  HPLC  methodology  used  in  conjunction 
with  the  application  of  GC-MS  provides  conclu¬ 
sive  identification  and  quantitation  of  MDA. 
FA,  ACT  and  ACON  excretion  in  the  urine  of 
rats.  Furthermore,  an  increased  excretion  of 
these  lipid  metabolites  occurs  in  response  to  free 
radical-induced  cell  injury.  The  methodology  is 
simple  and  requires  relatively  little  work-up  time. 
The  preparation  of  a  I.O-ml  urine  aliquot  can  be 
completed  in  less  than  2  h  including  the  elution 
by  HPLC.  Furthermore,  e.xcellent  reproducibility 
and  sensitivity  are  achieved.  The  detection  limit  is 
approximately  50  pmol  for  any  of  the  four  lipid 
metabolites  in  a  1 .0-ml  urine  aliquot  in  a  20-/il 
injection  volume.  Numerous  applications  of  this 
procedure  exist  for  the  study  of  exposure  to  envi¬ 
ronmental  pollutants  as  well  as  altered  lipid  me¬ 
tabolism  in  various  disease  states. 
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ABSTRACT 

The  dittributioii  of  iron  and  caldiun  in  hepatic  sub- 
cellular  fractions  of  female  rats  treated  with  endrin 
(1,2,3,4,10, 10-hexachloro-6,7.epoxy-l,4,4o,5,6,7ABa- 
octahydioendo,endo-l,4:5,0-dimcdiaoonaphthalene) 
was  determined.  Endrin  in  corn  oil  was  administered 
orally  to  rats  in  single  doses  of  3, 4A,or  6  mg/kg,  and 
the  animals  were  killed  at  0, 12, 24, 44,  or  72  hr  post- 
treatment.  Iron  and  caldum  were  determined  by 
atomic  absorption  spectroscopy.  The  administration 
of  endrin  increased  the  iron  content  of  mitochondria 
and  decreased  the  iron  content  of  microsomes  and 
nudcL  Significant  increases  occurred  In  the  caldum 
content  of  mitochondria,  microsomes,  and  nuclei. 
Thus,  the  results  indicate  that  with  reaped  to  the  sub- 
cellular  distribution  of  iron  and  caldum,  endrin  pro¬ 
duces  differential  effects.  Vitamin  E  succinate  admin¬ 
istration  partially  prevented  the  endrin-induced 
hepatic  alterations  in  iron  and  caldum  homeostasis. 
Endrin  also  produced  dose-  and  time-dependent 
increases  in  the  liver  and  spleen  welght/body  weight 
ratios,  while  decrease  'ymus  wei^t/body 

wdght  ratios.  The  alten.  .4rtilion  of  caldum  and 
iron  ouy  contribute  to  the  oroad  range  of  effects  of 
endrin. 

KEY  words:  Endrin,  Female  Sprague-Dawley  Rats, 
Inn,  Caldum,  Altamln  E  Succinite. 


INTRODUCTION 

Endrin  (l,2,3,4,10,10-hexachloro-6,7-epoxy-  1,4,4a, 
5,6,7,8,8o-octahydro-endo,endo-l,4;5,8-dimethanon- 
aphthalene)  is  a  highly  toxic  chlorinated  cyclodiene 
insecticide  having  a  broader  spectrum  of  activity  than 
most  other  cyclodienes  such  as  dieldrin  and  aldrin 
(1,2).  Recent  studies  have  shown  that  endrin  induces 
lipid  peroxidation  in  hepatic  and  extrahepatic  tissues 
(3,4)  as  demonstrated  by  an  increase  in  malondialde- 
hyde  content.  Preliminary  studies  in  our  laboratory 
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have  indicated  that  microsomal  lipid  peroxidation 
induced  by  endrin  requires  iron  and  reactive  oxygen 
species  are  involved  (unpublished  observations). 
Morehouse  et  al.  (5)  have  demon-strated  that  iron  is 
involved  in  microsomal  lipid  peroxidation  through 
free  radical  formation.  Therefore,  a  relationship 
between  cellular  iron  and  the  toxicity  of  endrin  may 
exist. 

The  administration  of  xenobiotics  such  as  carbon 
tetrachloride,  paraquat,  and  menadione  to  rats  in 
toxic  doses  produces  an  elevation  of  hepatic  intracel¬ 
lular  caldum  levels  (6)  and  perturbs  intracellular  cal¬ 
dum  compartmentation  in  the  liver  (7).  Recently,  the 
probable  role  of  caldum  ions  in  toxic  cell  injury  has 
attraded  extensive  interest  (8).  For  example,  evidence 
indicates  that  caldum  plays  an  important  role  in  cell 
killing  in  the  immune  system  (9).  Sustained  increases 
in  intracellular  caldum  can  activate  cytotoxic  mecha¬ 
nisms  assodated  wdth  irreversible  cell  Injury  which 
ultimately  lead  to  cell  death  (8-11).  This  effect  can  be 
induced  by  various  chemicals,  biologic  toxins,  min¬ 
eral  particles,  and  ischemia  (11).  The  perturbation 
of  caldum  homeostasis  in  toxicant-induced  liver 
injury  may  be  due  to  permeability  changes  in  plasma 
membranes  (12)  or  altered  intracellular  caldum  dis¬ 
tribution  (13). 

In  this  study  we  have  examined  the  effect  of 
endrin  on  iron  and  caldum  levels  in  hepatic  mito¬ 
chondria,  microsomes  and  nudei  of  rats  as  a  function 
of  dose  and  time.  The  effect  of  vitamin  E  succinate  on 
endrin-induced  alterations  in  iron  and  caldum  home¬ 
ostasis  was  also  assessed. 


MATERIALS  AND  METHODS 
Chemicals 

Endrin  was  obtained  from  Supelco,  Inc., 
Bellefonte,  PA.  All  other  chemicals  used  in  the  study 
were  obtained  from  Sigma  Chemical  Co.,  St.  Louis, 
MO.,  and  were  of  analytical  grade  or  the  highest  grade 
available. 
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content  of  hepatic  mitochondria.  Seventy-two  hours 
posttreatment,  the  iron  content  of  hepatic  nuclei 
decreased  by  5.8%,  8.5%,  and  10.0%  after  the  adminis¬ 
tration  of  3,  4.5,  and  6.0  mg  endrin  per  kilogram, 
respectively,  relative  to  control  values  (Figure  lA). 
Seventy-two  hours  after  the  administration  of  3, 4.5, 
and  6.0  mg  endrin  per  kilogram,  hepatic  mitochon¬ 
drial  iron  content  increased  by  42%,  65%,  and  78%, 
respectively,  as  compared  to  control  values  (Figure 
IB).  Under  these  same  conditions,  the  microsomal 
iron  content  decreased  by  approximately  28%,  43%, 
and  48%,  respectively  (Figure  IC). 

The  dose-  and  time-dependent  effects  of  endrin 
on  hepatic  calcium  distribution  are  presented  in 
Figure  2.  Endrin  administration  resulted  in  increases 
in  the  calcium  content  of  nuclei,  mitochondria,  and 
microsomes.  Seventy-two  hoiu-s  after  the  administra¬ 
tion  of  3,  4.5,  and  6  mg  endrin  per  kilogram,  the  cal¬ 
cium  content  of  nuclei  increased  by  approximately 
10%,  15%,  and  20%,  respectively,  relative  to  control 
values  (Figure  2A),  while  the  mitochondrial  calcium 
content  increased  23%,  29%,  and  33%,  respectively 
(Figu’^e  2B).  Under  these  same  conditions,  the  micro¬ 
somal  calcium  content  increased  approximately  24%, 
35%,  and  48%,  respectively,  as  compared  to  control 
values  (Figure  2C). 

The  effects  of  pretreating  rats  for  3  days  with  100 
mg  vita’'^in  E  succinate  per  kilogram  on  the  iron  and 
calcium  distribution  in  mitochondria,  microsomes, 
and  nuclei  24  hr'  after  the  administration  of  4.5  mg 
endrin  per  kilogram  are  presented  in  Figure  3. 


FIGURE  2.  Hepatic  caldum  content  as  a  (unction  of  endrin  dose 
and  time  post-treatment:  (A)  nuclei,  (B)  mitochondria,  and  (C) 
microsomes. 


FIGURE  3.  Effect  of  endrin  and  vitamin  E  succinate  on  hepatic 
Iron  and  calcium  content:  (A)  mitochondrial  iron  content,  (B) 
microsomal  Iron  content,  (C)  iron  content  In  nuclei,  (D) 
mitochondrial  calcium  content,  (E)  microsomal  calcium  content, 
and  (F)  calcium  content  in  nuclei. 
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\^tainin  E  succinate  alone  had  no  effect  on  the  iron  or 
calcium  distribution  in  the  three  hepatic  subcellular 
fractions.  Vitamin  E  succinate  also  had  no  effect  on 
the  iron  (Figiue  3C)  or  calcium  (Figure  3F)  distribu¬ 
tion  in  nuclei  of  animals  treated  with  endrln.  Vitamin 
E  succinate  significantly  decreased  (8.5%)  the  endrin- 
induced  increase  in  mitochondrial  iron  content 
(Figure  3 A)  and  significantly  reversed  (9.5%)  the 
endrin-induced  decrease  in  microsomal  iron  content 
(Figure  3B).  However,  the  iron  content  of  mitochon- 
dTi.-*  from  animals  receiving  both  vitamin  E  succinate 
and  endrin  was  significantly  above  control  values 
while  the  iron  content  of  microsomes  from  endrin  and 
vitamin  E  succinate-treated  animals  was  still  signifi¬ 
cantly  below  control  values.  Vitamin  E  succinate 
reversed  the  endrin-induced  increases  in  calcium  con¬ 
tent  of  mitochondria  (Figure  3D)  and  microsomes 
(Figure  3E),  but  the  decreases  were  not  significant. 

The  dose-  and  time-dependent  effects  of  endrin 
on  liver,  th)nnus,  and  spleen  weight  to  body  weight 
ratios  are  presented  in  Table  1.  Endrin  administration 
resulted  in  dose-  and  time-dependent  increases  in  the 
liver/body  weight  and  spleen/body  weight  ratios 
while  producing  significant  decreases  in  the  thy¬ 
mus/body  weight  ratio.  For  example,  72  hr  after  the 
administration  of  3, 4.5,  and  6  mg  endrin/ kg,  the  liver 
weight /body  weight  ratio  increased  approximately  9, 
22,  and  25%,  respectively,  while  the  spleen  weight/ 


body  weight  ratio  increased  11%,  25%,  and  30%, 
respectively.  Under  the  same  conditions,  the  thymus 
weight/body  weight  ratio  decreased  by  31%,  51%, 
and  60%,  respectively. 


DISCUSSION 

Endrin  is  a  widely  used,  chlorinated,  cyclodiene 
iiuectidde  which  produces  hepatotoxidty  and  neuro¬ 
toxicity.  Previous  studies  have  shown  that  lipid  perox¬ 
idation  and  glutathione  depletion  occur  as  the  result 
of  endrin  administration  to  rats  (3,4).  Furthermore, 
endrin  decreases  the  activity  of  selenium-dependent 
glutathione  peroxidase  (4).  Tlie  antioxidants  butylated 
hydroxyanisole  (BHA),  vitamin  C,  vitamin  E,  and  the 
glutathione  precursor  cysteine  significantly  inhibit 
hepatic  glutathione  depletion  and  lipid  peroxidation 
(3).  These  results  suggest  but  do  not  prove  that  free 
radical-mediated  lipid  peroxidation  and  glutathione 
depletion  may  be  involved  in  the  toxic  manifestations 
of  endrin. 

The  role  of  iron  in  lipid  peroxidation,  the  forma¬ 
tion  of  reactive  oxygen  species  and  the  subsequent 
decrease  in  glutathione  content  is  weU  known  (17,18). 
The  results  in  Figure  1  clearly  demonstrate  that 
endrin  produces  differential  effects  with  respect  to  the 
hepatic  subcellular  distribution  of  iron.  The  iron  con- 


TABLE  1.  Ratios  of  Liver,  Thymus,  and  Spleen  Weights  to  Body  Weight  in  Response  to 
Endrin  Administration* 


Dote 

(mg/kg) 

Hours 

Potl- 

treatment 

Liver 

Weight/Body 

Weight 

(xlOO) 

Thymus 
Weight/Body 
Weight 
f*  100) 

Spleen 

Welght/Body 
Weight 
(n  100) 

Control 

— 

3.42  «  0.19 

0.25  *  0.02 

0.25*0.01 

3 

12 

3.49*0.13 

0.25  *  0.01 

024  •  0.01 

4.5 

12 

3.61  «0.08* 

0.24  «  0.01 

0.26*0.02 

6 

12 

3.71*0.(»* 

0.22*0.01 

0.26*0.01 

3 

24 

3.68  *  0.06* 

023  »  0.01’ 

0.25*0.01 

4.5 

24 

3.78  »  0.08’ 

0.20  *  o.or 

0.27  *  o.or 

6 

24 

3.83*0.19’ 

0  18  *  0  02’ 

029  *  0.01’ 

3 

48 

3.74  *  0.08’ 

0.20  s  0.02’ 

0.26  *  0.01 

4.5 

48 

3.92  *  O  OT* 

0.17  *  o.or 

0.29  *  0.02’ 

6 

48 

4.12  c  0.16’ 

0.13  *  o.or 

0.30  *  0.01’ 

3 

72 

3.80  *  0.07’ 

0,18  k  o.or 

0.27*0.01’ 

4.5 

72 

4.18*0,09’ 

0.13*0.02’ 

0.31  *  0.01’ 

6 

72 

4.26  *  0.15’ 

0.10  *  0.01’ 

0.32  *  0.02’ 

were  killed  at  0, 12,  24, 4B,  or  72  hr  after  the  oral  administration  of  0,  3,  4.5,  or  6  mg  endrln/kg.  Each  value  is 
the  mean  t  SD  from  four  rats. 

*  p  <  0.05  with  respect  to  the  control  values. 
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tent  of  both  nuclei  (Figure  lA)  and  onicrosomes 
(Figure  1C)  decreases  while  hepatic  mitochondrial 
iron  content  increases  (Figure  IB).  These  effects  were 
both  dose-  and  time-dependent. 

Previous  studies  have  shown  that  another  poly- 
halogenated  cyclic  hydrocarbon,  2,3,7,8-tetrachloro- 
dibenzo-p-dioxin  (TCDD),  also  alters  iron  distribution 
in  mitochondria  and  microsomes  in  a  manner  similar 
to  the  results  observed  for  endrin  in  Figure  1  (19-21). 
TCDD  produces  a  decrease  in  microsomal  iron  content 
while  incceasitrg  mitochondrial  iron  content.  Of  inter¬ 
est  is  the  fact  that  TCDD  produces  an  increase  in  both 
nucrosomal  and  mitochondrial  lipid  peroxidation 
although  the  iron  content  of  microsomes  decreases 
(20,21).  Studies  in  oim  laboratory  have  also  shown  that 
endrin  increases  microsomal  and  mitochondrial  lipid 
peroxidation  (unpublished  observations). 

Wahba  et  al.  (20)  have  shown  that  TCDD  adminis¬ 
tration  to  rats  results  in  an  increase  in  the  amount  of 
free  or  catalytically  active  iron  associated  with  micro¬ 
somes,  although  the  total  iron  content  decreases, 
which  may  account  for  the  increase  in  TCDD-induced 
microsomal  lipid  peroxidation.  Endrin  may  produce  a 
similar  effect  with  respect  to  the  amount  of  catalyti¬ 
cally  active  or  available  iron. 

Endrin  produced  both  dose-  and  time-dependent 
increases  in  the  amount  of  calcium  associated  with  the 
hepatic  mitochondrial,  microsomal,  and  nuclear  frac¬ 
tions  of  rats  (Figure  2).  The  greatest  increases  in  cal¬ 
cium  content  were  associated  with  the  microsomes 
(Figure  2C)  and  mitochondria  (Figure  2B).  Al-Bayati  et 
al.  (22)  have  also  shown  that  TQ)D  induces  dose-  and 
time-dependent  increases  in  mitochondrial  and 
microsomal  calcium  content.  Thus,  endrin  produces 
similar  alterations  in  the  hepatic  distribution  of  iron 
and  calcium  as  compared  to  TG3D.  The  activation  of 
cellulolytic  enzymes  including  proteases,  endonucle¬ 
ases,  and  phospholipases  by  elevated  intracellular  cal¬ 
cium  levels  is  well  known  (23).  Therefore,  the  ele¬ 
vated  intracellular  calcium  levels  may  contribute  to 
the  hepatotoxicity  associated  with  endrin. 

The  relationship  between  the  enhanced  lipid  per¬ 
oxidation  and  intracellular  calcium  accumulation 
induced  by  endrin  is  not  clear.  Whether  the  influx  of 
calcium  is  associated  with  plasma  membrane  damage 
due  to  lipid  peroxidation  or  whether  the  increased 
lipid  peroxidation  and  influx  of  calcium  are  two  unre¬ 
lated  events  remains  to  be  determined.  The  cause  or 
effect  relationship  between  lipid  peroxidation  and  the 
altered  calcium  homeostasis  with  the  toxic  manifes¬ 
tations  of  endrin  also  remains  to  be  detei  mined. 
However,  it  is  clear  that  both  enhanced  lipid  peroxida¬ 
tion  and  altered  calcium  homeostasis  ultimately  con¬ 
tribute  to  ceUular  toxicity  and  ultimately  cell  death. 

Vitamin  E  succinate  has  been  shown  to  be  an 


effective  antioxidant  and  inhibitor  of  lipid  peroxida¬ 
tion  (24).  Furthermore,  previous  studies  have  shown 
that  ^tamin  E  can  effectively  prevent  endrin-induced 
lipid  peroxidation,  glutathione  depletion,  and  lethal¬ 
ity  in  rats  (3).  Thus,  the  effect  of  \ita0dn  E  succinate 
on  the  hepatic  subcellular  distribution  of  both  iron 
and  calcium  in  endrin-treated  rats  was  examined 
(Figure  3).  The  administration  of  vitamin  E  succinate 
(100  mg/kg)  for  3  days  prior  to  the  administration  of 
4.5  mg  endrin /kg  partially  prevented  the  endrin- 
induced  effects  on  the  distribution  of  both  iron  and 
calcium  in  liver  24  hr  post  administration  of  endrin. 
Although  previous  studies  have  shown  that  vitamin  E 
cotild  completely  prevent  endrin-induced  lipid  perox¬ 
idation,  complete  inhibition  of  altered  iron  and  cal¬ 
cium  homeostasis  by  vitr.min  E  succinate  was  not 
observed.  The  difference  in  the  two  studies  may  be 
related  to  the  fact  that  vitamin  E  was  used  in  the  Upid 
peroxidation  investigation  (3),  while  in  the  current 
study  vitanun  E  suednate  was  employed. 

The  results  in  Table  1  demonstrate  that  endrin 
administration  produces  dose-  and  time-dependent 
increases  in  the  liver  and  spleen  weight /body  weight 
ratios  while  decreasing  the  thymus  weight  to  body 
weight  ratio.  Previous  studies  tuve  shown  that  other 
polyhalogenated  cyclic  hydrocarbons  increase  liver 
weight  through  lipid  mobilization  and  fatty  infiltra¬ 
tion  (25-27).  The  induction  of  thymic  involution  is 
also  characteristic  of  polyhalogenated  cyclic  hydrocar¬ 
bons  (28).  Thus,  responses  in  organ  weights  are  char¬ 
acteristic  of  other  polyhalogenated,  cyclic,  but  struc¬ 
turally  dissimilar  hydrocarbons. 

In  summary,  endrin  induces  selective  alterations 
in  hepatic  iron  and  calcium  homeostasis.  The  effects 
induced  by  endrin  in  hepatic  mitochondria  and  micro¬ 
somes  are  similar  to  the  changes  which  are  produced 
by  another  toxic  polycyclic  halogenated  hydrocarbon, 
TCDD.  Altered  calcium  homeostasis,  induction  of 
lipid  peroxidation,  decreased  glutathione  content,  and 
irihibition  of  glutathione  peroxidase  may  be  character¬ 
istics  of  many  polycyclic  halogenated  hydrocarbons. 
All  these  effects  may  be  related  to  induction  of  an 
oxidative  stress  in  association  with  the  production  of 
the  toxic  manifestations  by  these  compounds. 
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Abstract.  Endrin  is  a  polyhalogenated  cyclic  hydrocarbon  pes¬ 
ticide  which  produces  hepatic  and  neurologic  toxicity.  Previous 
studies  have  indicated  that  endrin  induces  hepatic  lipid  peroxi¬ 
dation.  In  order  to  further  assess  the  possible  role  of  lipid 
peroxidation  in  the  toxicity  of  endrin,  the  dose-  and  time- 
dependent  effects  of  endrin  on  hepatic  lipid  peroxidation,  mem¬ 
brane  microviscosity  and  DNA  damage  in  rats  were  examined. 
Rats  were  treated  with  0,  3.0,  4.S,  or  6.0  mg  endrin/kg  as  a 
single  oral  dose  in  com  oil,  and  the  animals  were  killed  0,  12. 
24,  48,  or  72  h  post -treatment.  Dose-dependent  increases  in 
hepatic  mitochondrial  and  microsomal  lipid  peroxidation  and 
microviscosity  as  well  as  nuclear  DNA  single  strand  breaks 
were  observed  as  early  as  12  h  post-treatment.  Maximum  in¬ 
creases  in  these  three  parameters  occurred  24  h  after  endrin 
administration  at  all  three  doses.  While  the  incidence  in  DNA 
damage  decreased  with  time  after  24  h,  the  incidence  of  lipid 
peroxidation  and  microviscosity  of  microsomal  and  mitochon¬ 
drial  membranes  remained  relatively  constant.  Dose-  and  time- 
dependent  increases  in  liver  and  spleen  weight/body  weight 
ratios  with  decreases  in  thymus  weight/body  weight  ratios  were 
observed.  The  data  indicate  that  endrin  administration  induces 
hepatic  lipid  peroxidation  which  may  be  responsible  for  the 
increased  membrane  microviscosity  as  a  result  of  membrane 
damage  as  well  as  enhanced  DNA  damage. 


Endrin  ( 1 ,2,3,4, 10,  lO-hexachloro-6, 7-epoxy- 1 ,4,4a, 5,6,7 ,8, 
8a-octahydro-e/u/o,e/)do-l,4;5,8-dimethanonaphthalene)  is  one 
of  the  most  highly  toxic  members  of  the  cyclodiene  insecticides 
(Matsumura  1976;  Murphy  1986).  Endrin  and  related  com¬ 
pounds,  such  as  aldrin  and  dieldrin,  produce  hcpatotoxicity, 
nephrotoxicity  and  neurotoxicity.  Previous  studies  have  shown 
that  endrin  induces  lipid  peroxidation  in  liver  and  kidneys  with 
a  concomitant  decrease  in  the  glutathione  content  of  these  or¬ 
gans  (Numan  ei  al.  1990a,  1990b).  In  addition,  the  enzyme 
glutathione  peroxidase  is  inhibited  by  endrin  (Numan  ei  al. 
1990a), 

Although  the  precise  site  and  mechanism  of  action  of  toxicity 
of  the  chlorinated  cyclodienes  are  not  known  (Murphy  1986; 
Brooks  1976;  Saffioti  and  Terrachini  1979),  recent  studies  have 
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suggested  that  the  toxicity  of  endrin  and  its  congeners  may  be 
due  to  oxidative  stress  (Numan  era/.  1990a;  1990b).  The  extent 
of  endrin-induced  lipid  peroxidation  correlates  well  with  the 
degree  of  histopathological  changes  in  the  liver  (Hassan  er  al. 
1991). 

The  source  of  the  reactive  oxygen  species  and/or  free  radicals 
involved  in  the  endrin  induced  lipid  peroxidation  is  not  known. 
However,  dieldrin  activates  neutrophils,  resulting  in  a  signifi¬ 
cant  increase  in  the  release  of  superoxide  anion  (Hewett  and 
Roth  1990).  Furthermore,  the  cytochrome  P-450  system  may 
be  involved  in  the  formation  of  oxidative  and  reactive  metabo¬ 
lites  of  the  cyclodiene  insecticides  (Brooks  1976),  or  these 
compounds  may  facilitate  the  formation  of  reactive  oxygen 
species  by  the  cytochrome  P-450  system. 

In  the  present  study,  we  have  examined  the  effects  of  endrin 
on  hepatic  lipid  peroxidation,  the  formation  of  DNA  single 
strand  breaks,  and  alterations  in  mitochondrial  and  microsomal 
membrane  fluidity.  These  parameters  constitute  indices  of  oxi¬ 
dative  stress  a.nd  tissue  damage. 


Materials  and  Methods 

Animals  and  Treatment 

Female  Sprague-Dawley  rats  weighing  140-160  g  (Sasco,  Inc., 
Omaha.  NB)  were  used  in  these  studies.  Upon  delivery,  animals  were 
randomized,  weighed  and  assigned  to  experimental  groups.  The  ani¬ 
mals  were  housed  in  stainless  cages  and  maintained  under  a  controlled 
environment  (temp  2rC,  light  cycle  6  a  m.  to  6  p.m  ).  All  animals 
were  allowed  free  access  to  food  (Purina  Lab  Chow)  and  tap  water,  and 
were  acclimated  for  4-5  days  prior  to  experimental  use.  The  rats  were 
ueated  with  3,  4.5.  or  6  mg  endrin/kg  body  weight  p.o.  in  com  oil  and 
killed  0.  12.  24,  48,  or  72  h  post-treatment.  Control  animals  received 
the  com  oil  vehicle  Endrin  was  obtained  from  Supelco,  Inc.  (Belle- 
fonte,  PA)  and  had  a  purity  >98%.  All  other  chemicals  and  supplies 
utilized  in  these  studies  were  reagent  grade  and  obtained  from  Sigma 
Chemical  Co.  (St.  Louis,  MO). 


Preparation  of  Mitochondria  and  Microsomes 

Animals  were  decapitated.  Livers  were  quickly  removed  and  kept  in 
ice  cold  50  mM  Tris  HCI  buffer  (pH  7.4)  containing  150  mM  KCI,  I 
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mM  BOTA,  i  mM  dithioihreitol,  and  10%  (lycerol  (Casal*  ei  al. 
1985).  Uvm  wen  homogenized  with  5  ml  buffei/g  of  tissue  in  a  Potter 
Elvehjem  homogenizer  fitted  with  Teflon  pestle  (four  30  s  strokes). 
Subc^ular  fractionation  was  achieved  by  differential  centrifugation. 
Nuclei  and  cellular  debris  were  mmoved  by  centrifuging  at  1000  g  for 
10  min  in  a  Sorvall  RC2-B  refrigerated  centrifuge  at  (M°C.  The 
supernatant  fractions  were  centrifuged  at  10,000  g  for  30  min.  The 
resultant  mitochondrial  pellets  wen  washed  twice  with  the  Tris  KCI 
buffer,  pH  7.4.  The  I0,0(X)  g  supernatant  fractions  wen  centrifuged 
for  60  min  iu  a  Beckman  L3-S0  ultracentrifiige  at  10,000  g  and  0-4°C. 
The  resultant  mierosomal  pellets  wen  washed  once  and  resuspended  in 
1  ml  the  Tris  KG  buffer,  pH  7.4.  Protein  content  of  mitochondria 
and  miciosoroes  was  determined  by  the  standard  method  of  Lowry 
Hat.  (1951)  using  bovine  serum  albumin  as  the  standard. 


Determination  of  Lipid  Peroxidation 

Lipid  peroxidation  was  determined  cokmmetrically  on  hepatic  mito¬ 
chondria  and  microsomes  from  treated  and  control  animals  based  on 
the  foimation  of  thiobarbituric  acid  reactive  substances  (TBARS)  ac¬ 
cording  to  the  method  of  Buege  and  Aust  (1978)  as  modified  by 
Tirmenstein  and  Reed  ( 1989).  Malondialdehyde  was  used  as  the  stan¬ 
dard.  Absoibancc  values  were  measured  at  535  nm  and  an  extinction 
coefficient  of  1.56  X  10*  M“‘ cm~‘ was  used. 


Determination  of  Membrane  Fluidity 

Membrane  fluidity  .studies  were  performed  on  hepatic  mitochondria 
and  microsoroes  by  steady  state  fluorescence  spectroscopy  (Bagchi 
et  al.  1989;  Engelman  et  at.  1989;  Alsharif  et  al.  1990).  The  mem¬ 
branes  were  treated  with  0.5  mM  diphenylhexatriene  (DPH)  in  letrahy- 
droftiran  as  a  fluorescent  probe  and  incubated  for  90  min  at  37°C.  The 
membranes  were  kept  al  4°C  for  3-5  h  for  complete  incorporation  of 
DPH.  Fluorescence  nolarization,  a  measure  of  membrane  fluidity,  was 
determined  at  25°C  with  a  Periin-Elmer  spectrofluoromeier  equipped 
with  perpendicular  and  parallel  polarizers,  using  an  excitation  wave¬ 
length  of  365  nm  and  an  emission  of  430  nm.  Fluorescence  polariza¬ 
tion  and  the  apparent  microvisccsiiy  were  calculated  as  described  by 
Shintzky  and  Banenholz  ( 1978). 


DNA  Single  Strand  Break 

Livers  from  treated  rats  were  removed,  weighed  and  minced  with  a 
tissue  preu.  The  livers  were  homogenized  in  a  loose  fitting,  all  glass 
Oounce  homogenizer  in  the  homogenization  buffer  of  While  el  al. 
(1981)  al  2  g/8  ml  buffer,  and  cenuifuged  at  480  g  for  15  min.  The 
nuclear  pellets  were  washed  once  and  were  resuspended  in  one-half  the 
original  volume  of  homogenizing  buffer  used  for  the  whole  homoge¬ 
nates.  DNA  damage  was  measured  as  single  strand  breaks  by  the 
alkaline  elution  method  (Wahba  ei  al.  1989).  Briefly,  the  nuclei  (0.1 
ml  of  each  sample  of  nuclear  suspension)  were  loaded  onto  polycar¬ 
bonate  filters  (47  mm  diameter,  5  p  POK  size,  Millipore  Corporation, 
Bedford,  MA).  The  i.uclei  were  lysed  on  the  filter  with  a  lysing 
solution  containing  2%  w/v,  sodium  dodecyl  sulfate  (SD5),  25  mM 
Na^EDTA,  pH  10.3,  for  20  min  at  a  flow  rate  of  0.2  ml/min.  DNA  was 
eluted  with  an  elution  solution  (0.1%  SDS.  20  mM  Na4EDTA)  ad¬ 
justed  to  pH  12.3  with  tetraethyl  ammonium  hydroxide,  at  a  flow  rate 
of  0.1  ml/min.  Seven  3.0  ml  fractions  were  collected.  Bovine  serum 
albumin  (0.25  mg/ml)  was  mixed  with  each  fraction  followed  by  1 .0 
ml  40%  trichloroacetic  acid.  The  samples  were  vorlexed  and  centri¬ 
fuged  for  15  min  at  1000  x  g.  Each  pellet  was  dissolved  by  shaking  in 
3.6  ml  ethanol  solution  containing  0.1  ml  concentrated  HCI.  The 
samples  were  chilled  to  4°C  artd  centrifuged  at  KXX)  x  g  for  15  min. 


Fig.  1.  Hepatic  mitochoiulrial  lipid  peroxidation  in  Sprague- Da wley 
rats  as  a  function  of  dose  and  time.  Lipid  peroxidation  is  expressed  as 
the  content  of  thiobatbituric  :urid  reactive  substances  per  mg  protein. 
Each  value  is  the  mean  ±  S.D.  of  four  animals 


The  supernatant  fractiotrs  were  removed  aitd  the  residues  were  evap¬ 
orated  to  dryness  by  allowing  the  pellets  to  dry  overnight.  The  DNA 
content  was  measured  microfluorometrically  by  the  addition  of  0.25  ml 
aqueous  3.5-diaminobenzoic  acid  dihydiochlonde  solution  (135  mg/ 
ml),  followeo  by  incubation  at  60°C  for  45  mm.  Each  solution  was 
diluted  with  I  N  HCI  and  the  fluorescence  was  determined  with  activa¬ 
tion  and  emission  wavelengths  of  436  and  521  nm,  respectively.  The 
elution  constant  (k),  which  is  used  as  a  measure  of  DNA  damage,  was 
calculated  from  the  formula  k  *  -2.30  x  slope  of  the  plot  of  percent 
DNA  remaining  on  the  filter  vs.  volume  of  elution. 


Statistical  Analysis 

Data  for  each  group  were  subjected  to  analysis  of  variance  (ANOVA) 
arx)  Student's  r  test.  The  data  are  expressed  as  the  mean  ±  standard 
deviation  (SD).  Each  value  is  derived  from  four  animals.  The  level  of 
statistical  significance  employed  in  all  cases  was  p  <  0.05. 


Rcralts 

The  ability  of  endrin  to  induce  DNA  single  strand  breaks  in 
hepatic  nuclei,  as  well  as  induce  lipid  peroxidation  in  mito¬ 
chondria  and  microsoroes  and  alter  (he  fluidity  of  these  mem¬ 
brane  fractions  was  investigated  The  dose-  and  time-dependent 
effects  of  orally  administered  endrin  on  lipid  peroxidation  in 
hepatic  mitochondrial  and  microsomal  membranes  are  pre¬ 
sented  in  Figures  I  and  2,  respectively.  Twelve  h  after  the 
administration  of  a  single  oral  dose  of  endrin,  an  increase  in 
lipid  peroxidation  was  observed.  Similar  increases  in  hepatic 
mitochondrial  and  microsomal  lipid  peroxidation  with  time 
were  observed  at  the  three  doses  relative  to  control  values.  The 
maximum  increase  in  lipid  peroxidation  was  observed  at  24  h 
after  administration  of  6.0  mg  endrin/kg.  Under  these  condi¬ 
tions,  I  S-  and  2. 1 -fold  increases  were  observed  in  hepatic 
mitochondrial  and  microsomal  lipid  peroxidation,  respectively. 
The  increase  in  lipid  peroxidation  still  persisted  after  72  h  and 
values  were  high  relative  to  control  values.  .After  the  adminis¬ 
tration  of  4.S  mg  endrin/kg,  lipid  peroxidation  in  hepatic  mito¬ 
chondria  increased  1.4-,  I.3-,  and  1.3-fold  24,  48,  and  72  h 
post-treatment.  Microsomal  lipid  peroxidation  increased  I.9-, 
I.8-,  and  1.7-fold  24,  48,  and  72  h  post-treatment,  respec- 


* 


A 


□ 


TIME  (HOURS)  POST-TREATMENT 


Fig.  2.  Hepatic  microsomal  lipid  peroxidation  in  Sprague-Dawley  rats 
as  a  function  of  dose  and  time.  Lipid  peroxidation  is  expressed  as  the 
content  of  thtobaibituric  acid  reactive  substances  per  mg  protein.  Each 
value  is  the  mean  ±  S.D.  of  four  animals 
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Hg.  3.  Hepatic  mitochondrial  microviscotity  in  Sprague-Dawley  rats 
as  a  function  of  dose  of  endrin  and  time  post-tieatment.  Changes  in 
membrane  microviscosity  were  determined  by  fluorescence  polariza¬ 
tion.  Each  value  is  the  mean  ±  S.D.  of  four  animals 


lively,  in  response  to  4.5  mg  endrin/kg.  The  differences  in  lipid 
peroxidation  in  mitochondria  and  microsomes  were  not  signifi¬ 
cant  between  24  and  72  h  post-treatment  (Figures  I  and  2, 
respectively). 

No  studies  have  been  reported  on  the  effect  of  endrin  treat¬ 
ment  on  membrane  fluidity.  However,  previous  studies  have 
shown  a  relationship  between  induction  of  lipid  peroxidation 
and  changes  in  membrane  fluidity  (Dobrestor  et  al.  1977), 
Steady  state  fluorescence  spectroscopy  was  used  to  assess  mi¬ 
croviscosity  and  thus  evaluate  changes  in  membrane  fluidity  as 
a  result  of  endrin  administration.  An  increase  in  these  parame¬ 
ters  indicates  a  decrease  in  membrane  fluidity  and  alteration  in 
membrane  structure  (Stubbs  1983).  The  effecu  of  3.0, 4.5.  and 
6.0  mg/kg  endrin  with  time  on  membrane  fluidity  of  hepatic 
mitochondria  and  microsomes  are  presented  in  Figures  3  and  4, 
respectively.  The  results  for  each  subcellular  fraction  were 
compared  to  the  results  from  the  corresponding  subcellular 
fractions  from  control  animals.  In  mitochondrial  membranes, 
microviscosity  increased  approximately  1 .3-fold  24,  48,  and  72 
h  post-treatment.  Following  the  administration  of  4.5  mg 
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Fig.  4.  Hepatic  microsomal  microviscosity  in  Sprague-Dawley  rats  as 
a  function  of  dose  of  endrin  and  time  post-treatment.  Changes  in 
membrane  microviscosity  were  determined  by  fluoiescence  polariza¬ 
tion.  Each  value  is  the  mean  :£  S.D.  of  four  animals 


Fig.  S.  Effect  of  endrin  on  hepatic  nuclear  DNA  single  strand  breaks 
as  a  function  of  dose  and  time  in  Sprague-Dawley  rata.  The  incidence 
of  DNA  single  suand  breaks  is  proponional  to  the  elution  rate  con¬ 
stants  which  were  determined  by  alkaline  elution.  Each  value  is  ihe 
mean  ±  S.D.  of  four  animals 


endrin/kg,  approximately  1.5-fold  increases  were  observed  in 
microviscosity  of  hepatic  microsomal  membranes  24,  48  and 
72  h  post-treatment. 

The  effects  of  endrin  on  DNA  single  strand  breaks  in  hepatic 
nuclei  are  summarized  in  Figure  5.  Rats  were  treated  with 
single  doses  of  3  0, 4.5,  or  6.0  mg/kg  endrin  p.o.  and  killed  12, 
24,  48  or  72  h  post-treatment.  Significant  increases  in  DNA 
elution  constants  were  observed  in  all  treated  groups  relative  to 
control  animals.  Maximum  increases  of  2.5-,  3.5-,  and  4.4-fold 
were  observed  in  DNA  elution  constants  24  h  post-treatment 
with  3, 4.5,  and  6  mg/kg  of  endrin,  respectively.  At  48  and  72  h 
after  endrin  administration,  the  incidence  in  DNA  damage  was 
less  than  at  24  h  but  still  significantly  elevated  above  control 
values. 

The  dose-  and  time-dependent  effects  of  endrin  on  livei, 
thymus  and  spleen  weight  to  body  weight  ratios  are  presented  in 
Table  I.  Endrin  administration  resulted  in  dose-  and  time- 
dependent  increases  in  the  liver/body  weight  and  spleen/body 
weight  ratios  while  producing  significant  decreases  in  the 
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Table  1.  Percent  of  liver,  thymus,  and  spleen  weights  to  body  weight  in  response  to  endrin  administration* 


Dose 

(mg/kg) 

Hours 

post-treatment 

Liver 

weight/body 
weight 
(X  100) 

Thymus 
weight/body 
weight 
(X  100) 

Spleen 
weight/body 
weight 
(X  100) 

Control 

— 

3.42  ±0.19 

0.25  ±  0.02 

0.25  ±  0.01 

3 

12 

3.49  ±0.13 

0.25  ±  0.01 

0.24  ±  0.01 

4.5 

12 

3.6 i  ±0.08 

0.24  ±  0.01 

0.26  ±  0.02 

6 

12 

3.71  ±0.05* 

0.22  ±0.01* 

0.26  ±  0.01 

3 

24 

3.68  ±  0.06* 

0.23  ±0.01* 

0.25  ±  0.01 

4.5 

24 

3.78  ±  0.08* 

0.20  ±0.01* 

0.27  ±0.01* 

6 

24 

3.83  ±  0.19* 

0.18  ±0.02* 

0.29  ±0.01* 

3 

48 

3.74  ±  0.08* 

0.20  ±  0.02* 

0.26  ±  0.01 

4.5 

48 

3.92  ±  0.07* 

0.17  ±  0.01* 

0.29  ±  0.02* 

6 

48 

4.12  ±0.16* 

0.13  ±  0.01* 

0.30  ±0.01* 

3 

72 

3.80  ±  0.07* 

0.18  ±  0.01* 

0.27  ±0.01* 

4.5 

72 

4.18  ±0.09* 

0.13  ±  0.02* 

0.31  ±0.01* 

6 

72 

4.26  ±0.15* 

0.10  ±0.01* 

0.32  ±  0.02* 

*  Rats  were  killed  at  0, 1 2, 24, 48  or  72  h  after  the  oral  administration  of  0, 3, 4.5  or  6  mg  endrin/kg.  Each  value  is  the  mean  ±  S.D.  from  4  rats.  *P 
<  O.OS  with  respect  to  the  control  values. 


thymus/body  weight  ratio.  For  example,  72  h  after  the  adminis¬ 
tration  of  3,  4.5,  and  6  mg  endrin/kg,  the  liver  weight/body 
weight  ratio  increased  approximately  9,  22,  and  25%,  respec¬ 
tively,  while  the  spleen  weight/body  weight  ratio  increased  1 1 , 
25,  and  30%,  respectively,  relative  to  control  values.  Under  the 
same  conditions  the  thymus  weight/body  weight  ratio  de¬ 
creased  31,51,  and  60%,  respectively. 


Discussion 

Previous  studies  have  demonstrated  that  endrin  induces  hepatic 
lipid  peroxidation  and  depletes  glutathione  (Numan  et  al. 
1990a).  In  these  investigations  with  endrin,  a  single  dose  (4.5 
mg/kg)  and  time  point  (24  h)  were  used.  The  mechanism  in¬ 
volved  in  the  induction  of  lipid  peroxidation  by  endrin  is  un¬ 
known,  but  may  involve  a  mechanism  or  mechanisms  common 
to  a  broad  range  of  structurally  dissimilar  but  polyhalogenated 
cyclic  hydrocarbons  (Stohs  1990;  Spector  and  Yorck  1985).  In 
the  present  study,  the  dose-  and  time-dependent  effects  of  en¬ 
drin  on  hepatic  microsomal  and  mitochondrial  lipid  peroxida¬ 
tion  were  examined.  Furthermore,  the  effecu  of  endrin  on  two 
Ollier  indices  of  tissue  damage,  namely,  DNA  single  strand 
breaks  in  hepatic  nuclei  and  alterations  in  the  microviscosity  of 
hapatic  mitochondria  and  microsomes,  were  also  assessed. 

The  data  clearly  demonstrate  that  a  single  oral  dose  of  endrin 
induces  dose-  and  time-dependent  increases  in  hepatic  mito¬ 
chondrial  (Figure  I)  and  microsomal  (Figure  2)  lipid  peroxida¬ 
tion,  mitochondrial  (Figure  3)  and  microsomal  (Figure  4)  mem¬ 
brane  microviscosity,  and  nuclear  DNA  single  strand  breaks 
(Figure  5).  Parallel  increases  occur  in  mitochondrial  and  mi¬ 
crosomal  lipid  peroxidation  and  microviscosity,  with  maximum 
increases  occurring  at  24  h  post-treatment.  Between  24  and  72 
h  after  endrin  administration,  the  changes  in  lipid  peroxidation 
and  microviscosity  of  both  membrane  fractions  did  not  differ 
significantly  (Figures  1-4). 

The  greatest  increase  in  DNA  single  strand  breaks  occuired 
approximately  24  h  post-treatment  and  the  increase  in  DNA 
damage  was  dose-dependent.  After  this  time  point,  a  marked 


decrease  in  DNA  damage  was  observed  at  48  and  72  h  post- 
treatment  with  all  three  doses  of  endrin  which  may  reflect  either 
a  decrease  in  the  incidence  of  DNA  damage  or  an  increase  in 
the  rate  of  DNA  repair 

An  increase  in  membrane  microviscosity  is  inversely  propor¬ 
tional  to  the  fluidity  of  the  membranes  (Bagchi  et  at.  1989). 
Bemet  and  Groce  (1984)  have  concluded  that  a  decrease  in 
membrane  fluidity  of  16%  is  highly  significant  and  indicative 
of  structural  alterations.  In  the  present  studies,  decreases  in 
itKmbrane  fluidity  of  up  to  50%  were  observed  following  ad- 
minisoation  of  endrin.  Thus,  changes  in  membrane  fluidity  in 
response  to  endrin  may  represent  major  structural  alterations 
which  contribute  to  the  toxic  manifestations  of  this  xenobiotic. 

The  induction  of  lipid  peroxidation  and  the  decrease  in  mem¬ 
brane  fluidity  by  endrin  as  well  as  the  increase  in  DNA  damage 
agree  well  with  other  indices  of  toxicity  including  alttrations  in 
liver  to  body  weight  ratio  and  thymus  to  body  weight  ratio 
(Table  I).  The  results  suggest  that  endrin-derived  free  radicals 
orendrin-induced  production  of  reactive  oxygen  species  initiate 
oxidative  tissue  damage  which  may  significantly  contribute  to 
the  overall  tissue  damage  induced  by  this  xenobiotic. 
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TuncHlepeiident  effects  of  2»3  J.S-fetndUorodibenxo^^HUoKin  (TCDD)  on  serum  and 
urine  levels  of  malondialdehyde.  formaldehyde,  acetaldelqrde  and  acetone  in  rats.  Bagchi, 
D.,  Bagchi,  M.,  Hassoun,  E.A.,  and  Stohs,  SJ.  (1992).  TaxkoL  AppL  PhtamacoL  , 

.  The  ability  of  TCDD  to  produce  lipid  mobilization  and  alter  lipid  metabolism  is  well 
known.  Previous  studies  have  indicated  that  TCDD  induces  an  oxidative  stress  and 
enhances  lipid  peroxidation.  However,  the  products  resulting  from  altered  lipid  metabolism 
in  response  to  TCDD  have  not  been  studied.  We  have  examined  the  time-dependent 
changes  in  serum  and  urine  levels  of  malondialdehyde,  formaldehyde,  acetaldehyde  and 
acetone  in  response  to  a  single  oral  SO  MgAs  dose  of  TCDD  in  rats.  The  changes  in  these 
four  metabolic  products  were  quantitated  by  high  pressure  liquid  chromatography  (HPLC). 
The  effects  of  TCDD  were  compared  with  ad  libitum  fed  control  animals  and  pair-fed 
animals.  Serum  and  urine  levels  of  the  four  metabolites  were  assayed  on  days  0, 3, 6, 9  and 
12.  Following  TCDD  administration,  significant  increases  in  the  four  metabolites  present 
in  serum  and  urine  were  observed  at  all  time  points.  For  example,  on  day  6  post-treatment 
malondialdehyde,  formaldehyde,  acetaldeltyde  and  acetone  increased  approximately  2.6-,  2.5- 
,  2.4-  and  6.9-fold  in  serum,  respectively,  and  3.0-,  23-,  3.8-  and  3.7-fold  in  urine, 
respectively.  Increases  were  also  observed  in  the  serum  and  urine  levels  of  the  four 
metabolites  in  pair-fed  animals  relative  to  the  ad  libitum  fed  control  animals.  However,  the 
increases  in  the  serum  and  urine  levels  of  the  four  metabolites  was  significantly  greater  for 
TCDD  animals  as  compared  to  the  pair-fed  control  animals  at  most  time  points.  When  the 
serum  levels  of  malondialdehyde  as  determined  by  HPLC  were  compared  with  the  results 
obtained  by  the  thiobarbituric  acid  (TEA)  colorimetric  method,  similar  time  courses  were 
observed  although  higher  results  were  obtained  for  the  less  specific  TBA  method.  The 
results  clearly  demonstrate  that  TCDD  causes  markedly  elevated  serum  and  urine  levels  of 


four  q)ecific  products  associated  with  lipid  metabolism. 

2,3,7,8-Tetracfalorodibenzo-pKlioxin  (TCDD)  is  prototypical  of  many  halogenated  poly^clic 
hydrocarbons  (Safe,  1986)  and  is  one  of  the  most  toxic  members  of  this  group  of 
compounds.  Various  studies  have  shown  that  TCDD  profoundly  alters  lipid  metabolism  and 
distribution  (Schilier  et  aL,  1985;  Pohjanvirta  ef  of,  1989;  Seefeld  et  aL,  1984;  Christian  et 
aL,  1986;  Taksham  et  aL,  1988;  Gorsld  et  aL,  1988;  Wahba  et  aL,  1989;  Alsharif  et  aL,  1990). 
The  primary  target  organs  affected  by  TCDD  include  liver,  testes  and  thymus  (Safe,  1986; 
Stohs,  1990).  A  number  of  studies  have  shown  that  a  relationsh^  exists  between  TCDD 
toxicity,  and  AHH  induction  (Safe,  1986;  Poland  and  Knutson,  1982)  as  well  as  lipid 
peroxidation  (Stohs,  1990).  Generation  of  reactive  Otygen  species  such  as  hydro)tyl  radical, 
superoxide  anion  and  Itydrogen  peroxide  ^rpear  to  be  involved  in  TCDD<induced  lipid 
peroxidation  (Stohs,  1990;  Stohs  et  aL,  1986,  1990).  Since  TCDD  administration  to 
experimental  animals  results  in  an  oxidative  stress  with  subsequent  peroxidation  of 
membrane  lipids,  we  have  assessed  the  effect  of  TCDD  on  lipid  metabolites  in  urine  and 
blood  senmL  The  detection  of  lipid  peroxidation  products  in  the  urine  provides  a  non- 
invasive  method  of  assessing  oxidative  stress  (Shara  et  aL,  1992).  In  the  present  study,  four 
lipid  metabolites  have  been  identified  and  quantitated  in  the  urine  and  serum  of  rats  Ity  high 
pressure  liquid  chromatography  (HPIX^).  These  parameters  were  examined  in  TCDD* 
treated  female  rats,  pair-fed  animals  and  ad  libitum  fed  control  animal^.  The  presence  of 
thiobarbituric  acid  reactive  substances  (TBARS)  has  been  widely  used  as  an  indicator  of 
lipid  peroxidation  both  in  vitro  and  in  vivo  studies  (Valenzuela,  1991;  Thayer,  1984)  in 
different  subcellular  fractions  as  well  as  in  serum  using  malondialdehyde  as  a  standard.  We 
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therefore  also  examined  the  relationship  between  malondialdehyde  determined  by  the 
TBARS  method  and  HPLC  in  serum. 

MATERIALS  AND  METHODS 

23,7,8<Tetradilorodibenzo*pHlioxin  (TCDD)  was  obtained  from  the  Chemical  Resource 
Program,  National  Cancer  Institute  (Bethesda,  MD).  All  other  chemicals  used  in  the  study 
were  obtained  from  Sigma  Chemical  Company  (St  Louis.  MO)  and  were  of  analytical  grade 
or  the  highest  grade  available. 

Animals  and  treatment.  Female  Sprague-Dawley  rats,  weighing  from  160>180  gm, 
were  purchased  from  Sasco,  Inc.  (Omaha,  NE).  All  animals  were  housed  two  per  cage  and 
allowed  to  acclimate  to  the  environment  for  four  or  five  days  prior  to  experimental  use. 
The  animals  were  maintained  in  stainless  steel  cages  at  22*C  and  a  12  hr  light*dark  cycle. 
Ad  libitum  fed  control  and  TCDD-treated  rats  had  free  access  to  food  (Purina  Rodent  Lab 
Chow  #5001).  Pair-fed  rats  received  an  amount  of  the  diet  equal  to  the  amount  consumed 
by  TCDD-treated  partner  rats  during  the  previous  day.  TCDD-treated  rats  received  50 
Mg/kg  orally  as  a  single  dose  in  com  oil  containing  10%  acetone.  Ad  libitum  fed  and  pair- 
fed  rats  received  the  vehicle. 

Senim  lipid  hydroperoxides.  Blood  was  obtained  by  cardiac  puncture  from  all  rats 
according  to  the  method  of  Pohjanvirta  et  aL  (1989).  Blood  was  obtained  from  rats  on  days 
0,  3,  6,  9  or  12  of  the  study.  The  blood  samples  (250  pi)  were  diluted  with  1.0  ml  of 
physiological  saline  (0.9%)  in  a  centrifuge  tube  and  shaken  gently.  After  centrifugation  at 
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3,000  rpm  for  10  min,  0^  ml  of  each  supernatant  fraction  was  transforred  to  another 
centrifuge  tube. 

Serum  thiobarbituric  acid  (TBA)  reactivity  was  measured  essentially  as  described  by 
Thayer  et  aL  (1984).  Serum  samples  were  mixed  with  0.15  M  NaQ  and  20%  trichloroacetic 
add.  After  10  min  at  room  temperature  the  mixtures  were  centrifuged.  The  precipitates 
were  dispersed  in  0.05  NH2SO4  and  mixed  with  0.67%  2-thiobarbituric  add  in  2  M  sodium 
siilfate.  Thbes  were  heated  in  boiling  water  bath.  After  cooling  to  room  temperature  the 
mixtures  were  extracted  with  n<butanol.  Absorbances  at  532  nm  were  measured  relative  to 
reference  san^les  at  590  nm  and  were  converted  to  equivalents  of  malondialdehyde  (MDA) 
using  an  absorptivity  coeffident  of  1J6  x  10*  M'*  cm*^ 

Derivatization  and  assc^  of  senun  metabolites.  2,4>Dinitropheitylhydrazine  (DNPH) 
was  used  as  the  derivatizing  agent  in  the  identification  and  quantitation  of  serum  lipid 
metabolites.  DNPH  (310  rag)  was  dissolved  in  100  ml  of  2M  HQ  to  make  the  derivatizing 
reagent  Serum  (025  ml)  sanq>les  were  mixed  with  025  ml  of  0.15  M  Nad,  4.4  ml  of  water, 
and  0.1  ml  of  DNPH  reagent  The  samples  were  vortexed,  and  after  10  min  2J  ml  of  20% 
trichloroacetic  add  was  added,  followed  by  centrifugation  at  3000  rpm  for  20  min.  The 
aqueous  supernatant  fractions  were  extracted  three  times  with  15  ml  aliquots  of  pentane. 
The  pentane  extracts  were  combined,  evaporated  under  a  stream  of  nitrogen  in  a37-C 
water  bath,  and  reconstituted  in  0.40  ml  of  acetonitrile.  A  25  m1  aliquot  of  each  sample  was 
injected  onto  a  high  pressure  liquid  chromatographic  (HPLC)  column  and  the  peaks 
isocratically  eluted  for  identification  and  quantitation  of  malondialdehyde  (MDA), 
formaldehyde  (FA),  acetaldehyde  (ACT)  and  acetone  (ACON)  in  the  serum  of  rats.  The 
DNPH  derivatives  of  the  four  metabolic  products  were  quantitated  on  a  Waters  /t-Bondapak 
C]g  column,  eluting  with  an  acetonitrile-water  mobile  phase  and  using  a  UV  absorbance 
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detector  at  330  nm  (Share  et  aL,  1992).  Verificatio!i  of  the  identitit  s  of  the  four  metabolic 
products  was  confirmed  by  gas  chromatograpl^'inass  spectroscopy  (Sbara  et  oL^  1992).  The 
extraction  efficiencies  for  MDA,  FA,  ACT  and  ACON  hydrazones  were  71.6, 78.8, 88.7  and 
70.7%,  respectively,  based  on  studies  involving  the  addition  of  known  amounts  of  the 
hydrazone  derivatives  to  pooled  serum  from  control  rats. 

Urine  collection  and  assay  of  metabolites.  Rats  were  placed  in  metabolism  cages 
(Nalgene  Co.,  Rochester,  NY)  for  urine  collection.  The  animals  were  allowed  free  access 
to  tap  water  but  received  no  food  to  avoid  contamination  during  each  12  hr  urine  collection 
period.  The  urine  collecting  vessels  were  positioned  over  styn^bam  containers  filled  with 
dry  ice  which  permitted  the  collection  of  urine  in  the  frozen  state.  HPLC  was  used  for  the 
identification  of  MDA,  FA,  ACT  and  AOON  in  urine  as  previously  described  (Share  et  at , 
1992),  using  the  conditions  described  above  for  serum  sanq>les. 

Statistical  anafyses.  Multiple  group  comparisons  were  made  by  anafysis  of  variance 
(ANOVA).  Post'hoc  coflq>arisons  were  made  using  Sdieffe’s  S  method.  Each  value  is  the 
main  ±  the  standard  deviation  of  4  animals. 

RESULTS 

The  tiffle*dependent  effects  of  50  ug  TCDD/kg  or  pair^feeding  on  the  serum  level' 
of  malondialdebyde  (MDA)  are  presented  in  Fig.  la.  The  animals  were  killed  0, 3, 6.  9  <•' 
12  days  after  initiation  of  the  experiment  The  results  are  expressed  as  nmoles  MDA/m 
scrum.  Increases  of  approximately  2.2*,  2.6-,  2.7%  and  2.8-fold  occurred  in  the  MDA  conten 
of  serum  3,  6,  9  and  12  days  post-treatment,  respectively,  with  a  single  oral  dose  of  TCDI) 
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reUtive  to  Afiifbittm  fled  control  aninu^  In  pair-fed  rats,  iocreues  in  MDA  content  of  1.4- 
,  1.9-,  10>,  and  2J-fold  occurred  on  days  3, 6, 9  and  12,  respective^,  relative  to  ad  Ubitum 
fed  animals. 

The  time-dependent  variations  in  the  serum  levels  of  fonnaldefayde  (FA)  of  TCDD- 
treated  rats,  pair-fed  control  animiilt  and  ad  Ubitum  fed  control  animals  are  presented  in 
Fig.  lb.  Serum  leveb  of  FA  in  TCDD-treated  animals  increased  ^>pruximately  1.4-,  15-, 
3.1-,  and  2.6-fold  on  days  3,  6,  9  and  12,  req>ectivety,  relative  to  ad  Ubitum  fed  control 
animals.  In  pair-fed  onimfll*,  scrum  levels  of  FA  increased  by  13-,  1.8-,  2.1-,  and  2.2'fold 
on  these  same  di^  relative  to  the  od  Ubitum  fed  control  animals. 

Serum  levels  of  acetaldehyde  (ACI^  in  TCDD-treated  rats,  as  well  as  pair-fed 
animals  and  ad  Ubitum  fed  control  animals,  are  presented  in  Fig.  Ic.  On  days  3,  6, 9  and 
12  following  the  administration  of  TCDD,  inaeases  in  ACT  of  s^oodmately  13-,  2.4-,  3.0-, 
and  2.9-fold,  respectively,  were  observed  relative  to  ad  Ubitum  fed  control  t,t>imals.  On  these 
same  di^  in  pair-fed  rats,  increases  in  serum  levels  of  ACT  of  12-,  13-,  1.4-,  and  1.6-fold, 
respectively,  were  observed. 

Serum  levels  of  acetone  (AGON)  as  a  function  of  time  in  TCDD-treated  rats,  pair- 
fed  flninmh,  and  od  Ubitum  fed  control  rats  are  presented  in  Fig.  Id.  On  days  3,  6, 9  and 
12  following  the  administration  of  TCDD,  increases  in  serum  leveb  of  AGON  of  2.7-,  6.9-, 
9.4-,  and  8.6-fold,  respectively,  were  observed  relative  to  ad  Ubitum  fed  rats.  In  pair-fed 
animab  relative  to  ad  UbUum  fed  rats,  on  days  3,  6,  9  and  12,  increases  in  serum  leveb  of 
ACON  of  1 J-,  23-,  43-,  and  4.7-fold,  respectively,  were  observed. 

The  urinary  excretion  of  MDA,  FA,  ACT,  and  ACON  as  a  ftinction  of  by 
TCDD-treated  rats,  pair-fed  animab,  and  ad  Ubitum  fed  control  animab  b  presented  in  Fig. 
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^-d.  Significant  increases  in  the  urinaiy  excretion  of  the  ficHir  Mpid  neli^olites  were 
observed  in  both  pair-fed  and  TCDD-treated  relative  to  the  nd  lOritum  fed  control 
animals.  MDA  excretion  increased  by  approximately  2.0-,  3.0>,  3.5-.  and  4.1-fold  on  days  3, 
6,  9  and  12,  respectively,  for  TCDD  treated  rats  relative  to  ad  libitum  fed  control  Antmain 
(Fig.  2a).  In  pair-fed  rats,  MDA  excretion  increased  by  t^^proodmately  2.0-,  2.4-,  2 J,  and 
2.7-fold  on  days  3, 6, 9  and  12,  re^)ectively,  relative  to  the  od  libitum  fed  control  animalf. 

Following  TCDD  administration,  the  urinaiy  excretion  of  FA  inaeased  by 
approximately  U-,  2J-,  2.8-,  and  33-foId  on  days  3. 6, 9  and  12,  respectively,  relative  to  ad 
libitum  fed  control  animals  (Fig.  2b).  In  pair-fed  rats,  the  urinary  excretioa  of  FAincreased 
by  approximately  13-,  1.7-,  1.6-,  and  1.8-fold  relative  to  ad  libitum  fed  control  antmflls  on 
the  respective  four  days  of  urine  collection. 

The  urinaiy  exaetion  of  acetaldehyde  (ACT)  increased  in  TCDD-treated  rats  relative 
to  ad  libitum  fed  control  animals  by  approximately  2.0-,  3.8-,  4.8-,  and  5.8-fold  on  days  3, 6, 
9  and  12,  respectively,  while  ACT  excretion  increased  by  13-,  2.4-,  2.7-,  and  3.4-fold  on 
these  respective  days  in  pair-fed  animals  relative  to  the  od  libitum  fed  control  antmain  (Rg. 
2c). 

The  excretion  of  acetone  (ACON)  in  the  urine  of  TCDD-treated,  pair-fed,  and  ad 
libitum  fed  control  rats  are  presented  in  Fig.  2d.  The  excretion  of  ACON  on  days  3,  6,  9 
and  12  following  treatment  with  TCDD  increased  by  approximately  2.1-,  3.7-,  4.7-,  and  6.2- 
fold,  respectively,  relative  to  ad  libitum  fed  control  animals.  For  pair-fed  rats,  the  urinaiy 
excretion  of  ACON  inaeased  by  approximately  1.4-,  1.8-,  2.8-,  and  3.6-fold  on  days  3,  6,  9 
and  12,  respectively,  relative  to  ad  Ubitum  control  rats. 

The  TBARS  method  was  used  to  assess  lipid  peroxidation  in  serum,  n«<ng  mda  as 
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the  standard,  in  TCDD-treated  rats,  pair-fed  animals  and  ai  flMeum  fed  control  animals 
(Fig.  3).  The  baseline  (control)  value  for  MDA  as  determined  by  HPLC  was  a{^roxiniately 
1.2  nmoles/ml  (^  la)  i)^e  the  baseline  (control)  value  for  MDA  as  determined  by  the 
TBARS  method  was  i^^roxiroatefy  1.7  nmoles/ml  serum.  On  days  3, 6, 9  and  12  relative 
to  control  animal*,  the  MDA  content  of  serum  in  TG>D-treated  animals  by  the  TBARS 
method  increased  by  approxiinately  2.8-,  3.9«,  3.5*,  and  3.4-fold,  respectively,  while  in  pair- 
fed  rats,  MDA  serum  levels  increased  by  13-,  2.1-,  1.9-,  and  22-foId,  req)ectivel^.  These 
results  are  similar  to  the  results  for  MDA  determination  by  HPLC  (Fig.  la). 

DISCUSSION 

Various  studies  have  demonstrated  that  TCDD  iruhices  lipid  mobilization  (Schiller 
et  aL,  198S;  Pohjanvirta  et  oL,  1989;  Seefeld  ef  at,  1984;  Christian  et  at,  1986;  TaWham  a 
aL,  1988;  Gonki  er  at,  1988).  Furthermore,  pair-feeding  mimics  some  but  not  all  effects  of 
TCDD  toxicity  (Seefeld  et  aL,  1984;  Christian  et  aL,  1986;  lalaham  et  aL,  1988;  Wahba  et 
aL,  1989).  Numerous  studies  have  also  demonstrated  that  TCDD  enhances  lipid 
peroxidation  in  hepatic  and  extrahepatic  tissues  (Stohs,  1990).  The  methods  used  to 
demonstrate  enhanced  lipid  peroxidation  in  response  to  TCDD  have  relied  primarily  on  the 
determination  of  tbiobarbituric  acid  reactive  substances  (TBARS),  using  MDA  as  the 
standard.  The  lack  of  specificity  of  the  TBARS  method  for  assessing  lipid  peroxidadoo  is 
widely  recognized  (Yu  et  aL,  1986). 

The  use  of  highly  specific  methods  as  HPLC  to  detect  and  quantitate  changes  in 
MDA  or  other  lipid  metabolites  in  response  to  TCDD  has  not  been  reported.  A  HPLC 
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method  to  detect  MDA  in  urine  was  developed  by  Ekstrom  er  td,  (1988).  In  our 
laboratories,  this  method  has  been  extended  to  detect  and  quantitate  not  only  MDA,  but 
also  FA  ACT,  and  ACON  in  urine  (Shara  ct  oL,  1992).  Hie  Identities  of  the  four  urinary 
products  have  been  confirmed  by  gas  chromatography-mass  spectroscopy  (Sharaef  of ,  1992). 
The  HPLC  system  has  been  further  extended  in  the  |»esent  study  to  detect  and  quantitate 
these  four  metabolic  products  in  blood  serum. 

In  the  present  study,  we  have  demonstrated  that  significant  inCTcases  in  both  serum 
and  urine  levels  of  MDA  FA  ACT  and  ACON  occur  with  time  in  response  to  a  single  dose 
of  TCDD.  The  dose  of  TCDD  which  was  used  is  similar  to  doses  which  have  been  widely 
used  by  other  investigators  (Safe,  1986;  Schiller  er  of ,  1985;  Pohjanvirta  et  oL^  1989;  Seefeld 
et  aL,  1984;  Christian  et  aL,  1986;  lAksham  et  aL,  1988;  Gorsld  et  aL,  1988).  Significant 
increases  in  the  serum  and  urine  levels  of  the  four  metabolic  products  were  detected  three 
days  after  the  administration  of  TCDD.  Increases  in  the  four  metabolic  products  in  both 
serum  and  urine  of  pair-fed  animals  also  increased  with  time,  parallelling  the  results 
observed  for  TCDD-treated  animals.  However,  for  nearly  all  time  points,  the  serum  and 
urine  levels  of  the  four  metabolic  products  were  significantly  lower  in  the  pair-fed  animak 
as  compared  to  the  TCDD-treated  rats. 

When  the  serum  and  urine  levels  for  the  four  metabolic  products  are  coiiq>ared, 
higher  serum  levels  of  ACT  are  observed  than  for  MDA  FA  or  ACON.  In  the  urine,  FA 
exhibits  the  highest  levels  in  the  od  libitum  fed  control  animals.  The  rapid  excretion  of  FA 
may  accoimt  for  the  relatively  low  serum  levels  of  this  metabolic  product  and  relatively  high 
urinary  levels.  In  response  to  TCDD,  greatest  increases  in  serum  levels  are  observed  with 
ACON,  while  in  the  urine,  largest  increases  occur  with  ACT  and  ACON. 
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When  the  lest  qMdfic  TBARS  method  (Fig.  3)  fiw  detenninetion  of  MDA  in  terum 
is  cofiq>ared  with  the  HPLC  method  (IHg.  la),  similar  ezcredmi  profiles  are  observed. 
However,  with  the  TBARS  method,  in  control  animals  approximate^  0  J  nnmles/iul  serum 
more  MDA  equivalent  product  is  detected.  This  differenoe  Is  due  to  the  reaction  of  the 
reagent  with  products  in  addition  to  MDA  However,  since  rimilar  results  and  profiles  are 
obtained  with  the  two  methods,  the  results  suggest  that  the  nq)id,  ine]q>ensive  TBARS 
method  can  be  used  to  assess  lipid  peroxidation. 

Athough  the  results  clearly  demonstrate  that  TCDD  markedly  enhances  serum  levels 
and  urinary  excretion  of  MDA  FA  ACT,  and  AGON,  the  metabolic  sources  of  these  four 
products  is  not  entirely  clear.  The  increase  in  MDA  may  be  due  to  free  radical  initiated 
and  mediated  lipid  peroxidation  (Stohs,  1990).  When  radiolabeled  MDA  is  administered 
to  rats,  it  is  extensively  metabolized  to  acetate  and  carbon  dioxide  (Dhanakoti  and  Draper, 
1987).  Based  on  these  observations,  the  urinary  excretion  of  ACT  mi^  arise  as  ar 
intermediate  product  in  the  breakdown  of  MDA  However,  its  formation  as  a  result  of 
enhanced  beta  oxidation  of  fatty  adds  can  not  be  exduded. 

The  enhanced  exaetion  of  ACX^N  in  response  to  disease  states  such  as  diabetes  a> 
a  consequence  of  increased  beta  oxidation  is  well  known  (Foster,  1987).  Whether  the 
increase  in  serum  and  urine  levels  of  ACX)N  in  response  to  TCDD  occurs  via  a  simiUr 
mechanism  has  not  been  determined.  The  increase  in  the  serum  and  urine  levels  of  FA  >  r 
response  to  TCDD  administration  may  arise  by  a  number  of  mechanisms  including  th< 
metabolism  of  glycerol  (Winters  et  oL,  1988),  the  metabolism  of  acetoacetic  add  to  ACO^ 
plus  a  one  carbon  fragment,  or  in  the  metabolism  of  MDA  to  acetate. 

The  results  clearly  demonstrate  that  TCDD  markedly  enhances  the  serum  and  urirtc 
levels  of  MDA  FA  ACT,  and  ACON.  No  previous  studies  have  specifically  assessed 
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dbiaoges  in  these  four  metabolic  products  or  the  time<lq>endeiit  dianges  whidi  occur.  Ibe 
methods  which  have  been  developed  for  quantitaticg  the  changes  in  these  metabolic 
products  will  be  useful  in  e;q)loring  the  metabolic  pathway  ^i^ikh  are  involved. 
Furthermore,  the  methods  will  be  useful  in  comparing  lipid  peroxidation  which  is  produced 
by  xenobiotics  with  various  mechanisms  of  acdmL 
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LEGENDS 


Figure  1  •  Time-dependent  changes  in;  [A]  malondialdefayde  (MDA);  [B]  formaldehyde 
(FA);  [C]  acetaldehyde  (ACT);  and  [D]  acetone  (AGON)  in  serum  of  rats 
treated  with  SO  /ig  TCDD/lcg,  pair-fed  rats,  and  ad  tibitum  fed  control 
animals.  Serum  samples  were  prepared  3, 6, 9  and  12  days  following  initiation 
of  the  experiments.  Each  value  represents  the  mean  i  SD  of  four  animals. 
*P  <  0.05  with  respect  to  the  ad  libitum  fed  control  group.  *'P  <  0.05  with 
respect  to  the  pair-fed  group. 

Figure  2  •  Urinary  exaetion  of:  [A]  malondialdehyde  (MDA);  [B]  formaldehyde  (FA); 

[C]  acetaldehyde  (ACT);  and  [D]  acetone  (ACON)  in  rats  treated  with  a 
single  dose  of  50  Mg  TCDD/kg,  pair-fed  rats,  and  ad  libitum  fed  control 
animals.  Urine  samples  were  collected  for  12  hrs  on  days  3,  6,  9  and  12 
following  initiation  of  the  experiments.  Each  value  is  the  mean  ±  SD  of  four 
animals.  The  four  products  were  quantitated  by  HPLC.  'P  <  0.05  with 
respect  to  the  od  libitum  fed  group.  "P  <  0.05  with  respect  to  the  pair-fcv: 
group. 

Figure  3-  Serum  levels  of  lipid  peroxides  as  determined  by  the  presence  .i 
thiobarbituric  acid  reactive  substances,  using  malondialdehyde  (MDA)  as 
standard,  in  rats  receiving  a  single  oral  dose  of  50  Mg  TCDD/kg,  pair-fed  ratN 
and  ad  libitum  fed  rats.  Serum  samples  were  prepared  on  days  3,  6, 9  and  1 2 
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following  initiation  of  the  e]q)eriment.  Eidi  value  is  the  mean  ±  SD.  *P  < 
O.OS  with  respect  to  the  ad  libitum  fed  control  group.  **P  <  0.05  with  respect 
to  the  pair-fed  group. 
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Abitrael  •  Recent  studies  have  sbown  that  the  administration  of  endrin  to  rodents  induces 
lipid  peroxidation  in  various  tissues  and  decreases  glutathione  content  These  results  suggest 
that  endrin  produces  reactive  o^en  species  and/or  free  radicals.  We  have  therefore 
examined  the  effect  of  endrin  (43  mg/kg)  on  the  production  of  reactive  oxygen  species  by 
peritoneal  macrophages  and  hepatic  mitochondria  and  microsomes  in  rats.  The  effects  of 
endrin  on  hepatic  mitochondrial  and  microsomal  l^dd  peroxidation  and  membrane  fluidity 
as  well  as  the  incidence  of  hepatic  nuclear  DNA  damage  were  also  examined.  TVenty*four 
hn  after  endrin  administration,  significant  increases  in  the  production  of  chemiluminescence 
the  three  tissue  fractions  were  observed.  Furthermore,  peritoneal  macrophages  from 
endrin  treated  j^nimnli^  resulted  in  3.()*  and  2.8*fold  increases  in  cytochrome  £  and 
iodonitrotetrazolium  (INT)  reduction,  indicating  enhanced  production  of  superoxide  anion. 
Endrin  administration  also  resulted  in  significant  increases  in  lipid  peroxidation  of 
mitochondrial  and  miaosomal  membranes  as  well  as  decreases  in  the  fluidity  of  these  two 
membranous  fractions.  A  significant  increase  in  hepatic  nuclear  DNA  single  strand  breaks 
also  occurred  in  response  to  endrin  administratioa  The  results  indicate  that  macrophage, 
mitochondria  and  microsomes  produce  reactive  oxygen  species  following  endrin 
administration,  and  these  reactive  oxygen  species  may  contribute  to  the  toxic  manifestations 
of  endrin. 

Keywords  •  Endrin,  Reactive  oxygen  species.  Lipid  peroxidation.  Cytochrome  £  reduction. 
Chemiluminescence,  Oxidative  stress,  DNA  single  strand  breaks.  Membrane  fluidity, 
Iodonitrotetrazolium  reduction 
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INTItODUCnON 


Pr«vious  studies  have  suggested  that  the  administration  of  a  variety  of  polyhalogenated  cyclic 
hydrocarbons  (PCH)  to  experimental  animals  may  exert  their  toxic  effects  in  part  by 
stimulating  the  production  of  reactive  oi^en  spedes.*'’  The  source(s)  of  the  reactive 
o:^en  species  is  undear  and  whether  PCH  enhance  reactive  ojg^gen  species  production  by 
direct  or  indirect  mechanisms  has  not  been  determined  Several  possible  mechanisms  exist, 
including  the  activation  of  phagocytic  leukocytes,  leakage  of  electrons  from  mitochondria, 
and  induction  of  the  cytochrome  P450  system  in  microsomes/  The  production  and  release 
of  oxygen  radicals  by  phagocytic  leukocytes  is  one  of  the  most  important  functions  of  these 
cells.  When  neutrophils  or  certain  macrophages  phagocytize  they  produce  superoxide  anion 
and  hydrogen  peroxide,  and  form  secondary  products  of  these  activated  species.  During 
phagocytosis  or  in  response  to  a  soluble  stimulus,  macrophages  undergo  a  bunt  of  oxidative 
metabolism.' 

The  administration  of  selected  xenobiotics  to  rats  in  toxic  doses  produces  an  elevation 
of  lipid  peroxidation,  a  decrease  in  membrane  fluidity  and  an  increase  in  DNA  strand 
breaks.^^  Previous  studies  have  shown  that  glutathione  depletion  and  lipid  peroxidation 
occur  as  the  result  of  administering  the  PCH  endria*’  Endrin  also  induces  enhanced  lipid 
peroxidation  in  vitro  and  altered  calcium  and  iron  homeostasis  in  vivo.* 

In  this  study  we  have  assessed  the  abiliQ^  of  endrin  to  produce  reactive  oxygen  species 
in  peritoneal  macrophage  and  hepatic  mitochondria  and  microsomes  based  on  the 
production  of  chemiluminescence,  reduction  of  cytochrome  c,  and  the  reduction  of 
iodonitrotetrazolium.  Previous  studies  suggest  that  most  of  the  physiological  effects  of  PCH 
following  either  acute  or  chronic  exposure  appear  to  be  membrane  associated.  O^gen 


2 


derived  free  radicals  have  been  implicated  in  tumor  promotioa  leading  to  membrane 
perturbation.^*’  Hence,  membrane  fluidi^  and  lipid  peroxidation  of  isolated  hepatic 
mitochondria  and  microsomes  from  treated  and  control  rats  were  measured,  and  DNA 
single  strand  breaks  were  assessed  in  hepatic  nucleL 


MATERIALS  AND  METHODS 

ChemkaU 

Endrin  was  obtained  from  Supelco,  Inc.  (Bellefonte,  PA).  Cytochrome  £  (Type  VI) 
and  all  other  chemicals  used  in  this  study  were  obtained  from  Sigma  Chemical  CcHiq>any  (St. 
Louis,  MO),  and  were  of  analytical  grade  or  the  highest  grade  available. 


Animals  and  treatment 

Female  Sprague-Dawley  rats,  weighing  from  160-180  gm,  were  purchased  from  Sasco. 
Inc.  (Omaha,  NE).  All  animals  were  housed  two  per  cage  and  allowed  to  acclimate  to  the 
environment  for  four  or  Sve  days  prior  to  experimental  use.  The  animals  were  allowed  free 
access  to  tap  water  and  food  (Purina  Rodent  Lab  Chow  #5001).  The  rats  were  maintained 
at  a  temperature  of  21  *C  with  lighting  from  6  a.m.  to  6  p.nL  daily.  Endrin  treated  groups 
of  animals  received  a  single  dose  of  mg/kg  orally  in  com  oil,  while  control  animals 
received  the  vehicle.  All  animals  were  killed  by  decapitation  24  hrs  post-treatment 

Cell  isolation 

Peritoneal  macrophages  were  isolated  from  rats  with  Hepes  buffer,  pH  7.4  (140  mM 
NaG,  5  mM  KCl,  10  mM  glucose,  2  mM  and  20  mM  Hepes)“  which  was  injected  int. 
the  peritoneal  cavity  and  subsequently  aspirated.  This  step  was  repeated  three  times  with 
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10  ml  fractions.  The  macn^bages  were  cratriftiged  at  3,000  rpm  fiv  15  min.  Pellett  wme 
washed  with  buffer  and  resuspended  in  buffer  after  repeated  centriftigadon.  Cells  were 
counted  with  a  hemo^tometer  and  diluted  to  3  x  10^  oells/mL  Viability  was  checked  by  the 
Tiypan  blue  exclusion  method. 

Isolation  of  hepatic  mitochondrial  and  microsomal  membrane 

After  withdrawal  of  the  peritoneal  macrophages,  livers  were  quiddy  removed  and 
kept  in  ice  cold  50  mM  Tris  KCI  buffer  (pH  7.4)  containing  150  mM  KCl,  1  mM  EDTA,  1 
mM  dithiothreitol  and  10%  glycerol.  The  livers  were  homogenised  with  5  ml/gm  in  a  Potter 
Elvehjem  homogenizer  fitted  with  a  Teflon  pestle  (four  30  sec  strokes).^  Subcellular 
fractionation  was  achieved  by  differential  centrifugation.  Isolated  mitochondrial  and 
microsomal  fractions  were  frirther  purified  by  resuspension  and  centrifugation. 

Protein  concentrations  of  mitrochondria  and  microsomes  were  determined  by  the 
method  of  Lowiy  cLal^  using  bovine  serum  albumin  as  standard. 

Chemiluminescence 

Chemiluminescence  was  measured  in  Chronolog  Lumivette*^  luminometer.  The  assay 
was  conducted  in  3  ml  glass  mini-vials.  The  vials  were  incubated  at  37*C  prior  to 
measurement  The  background  chemiluminescence  of  each  vial  was  checked  before  use. 
Samples  containing  3  x  10^  cells/ml  were  preincubated  at  37  *C  for  30  min.  After 
preincubation  of  the  cells  4  /rM  luminol  was  added  to  enhance  chemiluminescence.^  All 
additions  to  the  vials  as  well  as  chemiluminescence  counting  procedures  were  performed 
under  dim  lighting  conditions.  The  pH  of  the  solutions  was  maintained  between  9  and  10. 
Results  are  expressed  as  counts/unit  time  minus  background.^* 


Membnme  fbuiiity 


The  fluidity  of  mitochondrial  and  microsomal  membranes  from  control  and  treated 
ftnimflk  was  determined  as  described  previously.*^'**  The  membranes  were  treated  with  03 
mM  diphenylhexatriene  (DPH)  in  tetrahydrofiiran  as  the  fluorescent  probe  and  incubated 
for  2  hrs  at  37*C  Fluorescence  polarization  as  a  measure  of  membrane  fluidity  was 
determined  at  25*C  with  a  Perkin  Elmer  spectrofluorimeter  equipped  with  perpendicular 
and  parallel  polarizers  using  an  excitation  wavelength  of  36S  nm  and  an  emission  wavelength 
of  430  nm.  Fluorescence  polarization  and  the  apparent  microviscosity  were  calculated  as 
described  by  Shintzlty  and  Barrenholz." 

Cytochrome  c  reduction 

Superoxide  anion  production  by  peritoneal  macrophages  was  measured  by  the  assay 
method  of  Babior  et  al.^*  which  is  based  on  the  reduction  of  cytochrome  £.  In  1.0  ml,  the 
reaction  mixtures  contained  3  x  10^  macrophage  and  O.OS  mM  ^tochrome  £  in  the 
incubation  buffer.  The  incubation  mixtures  were  incubated  for  15  min  at  37  *C.  The 
reactions  were  terminated  by  placing  them  on  ice.  The  mixtures  were  centrifuged  for  10 
min,  and  the  supernatant  fractions  were  transferred  to  clean  tubes  for  subsequent 
spectrophotometric  measurement  at  550  nm.  Absorboiice  values  were  converted  to  nmol 
of  cytochrome  £  reduced/min  using  the  extinction  coefficient  2.1  x  10*  M'*  cm'*. 

Reduction  of  iodonitrotetrazolium  (INT) 

Superoxide  anion  production  by  peritoneal  macrophages  was  measured  by  the  method 
of  Prodczasy  gLal*^  hich  is  based  on  the  reduction  of  iodonitrotetrazolium.  The  1.0  ml 
reaction  mixtures  contained  3  x  10*  macrophage,  49  mM  iodonitrotetrazolium  violet  (INT) 


and  0.92  mM  NasCO).  The  pH  of  the  incubation  mixture  was  approximately  10.  The 
incubation  mixtures  were  preincubated  for  IS  min  before  INT  was  added.  After  addition 
of  INT  the  mixtures  were  incubated  for  IS  min  at  37*C  The  reactions  were  terminated  by 
placing  the  tubes  on  ice.  The  mixtures  were  centriftiged  for  S  min,  and  the  supernatant 
fractions  were  transferred  to  clean  tubes  for  subsequent  spectrophotometric  measurement 
at  SOS  nm.  The  nanomoles  of  INT  reduced  in  IS  min  «  78.7  x  absorbance  at  SOS  nm. 

Lipid  peroxidation 

Lipid  peroxidation  was  determined  on  hepatic  mitochondria  and  microsomes  from 
control  and  treated  animals  according  to  the  method  of  Buege  and  Aust,^  based  on  the 
formation  of  tbiobarbituric  add  reactive  substances  (TBARS).^  Malondialdehyde  was  used 
as  the  standard.  A  molar  extinction  coeffident  of  x  10*  M'^  cm*’  was  used. 

DNA  single  strand  breaks 

DNA  damage  in  hepatic  nuclei  was  measured  as  single  strand  breaks  by  the  alkaline 
elution  method^  as  previously  described.^'^  DNA  content  was  measured 
microfluorimetrically  with  3,5-diaminobeDZoic  add  dihydrocbloride  as  the  complexing  agent, 
with  activation  and  emission  wavelenths  of  436  and  521  nm,  respectively.^  The  elution 
constant  (k)  which  is  used  as  a  measure  of  DNA  damage  was  calculated  from  the  formula 
k  a  -2  JO  X  slope  of  the  plot  of  percent  DNA  remaining  on  the  filter  vs.  volume  of  eluate. 

Statistical  methods 

Significance  between  pairs  of  mean  values  was  determined  by  Student’s  t>test.  A  P 
<  0.05  was  considered  significant  for  all  analyses.  The  numbers  of  anim^u  used  in  each 


ejqperimeat  are  indicated  in  the  legends. 


RESULTS 


Chemituminescence 

The  results  of  the  chemiluminescence  assay  for  the  production  of  reactive  axygtn 
species  by  peritoneal  macrophage,  and  hepatic  mitochondria  and  microsomes  from  control 
and  endrin  treated  rats  are  presented  in  Figures  l-3,respectively.  The  chemiluminescence 
response  produced  by  macrophages  from  treated  rats  rapidly  rises,  reaching  a  maximum  at 
6  min  while  maaophage  from  control  animals  reach  a  peak  chemiluminescence  at  4  min. 
The  responses  subsequently  riiminish  thereafter.  However,  responses  were  still  observed 
after  IS  min.  Similar  changes  in  chemiluminescence  were  produced  by  hepatic  mitochomlria 
and  miaosomes  (Fig.  2  and  3).  The  increase  in  the  chemiluminescence  response  for 
maaophage  from  treated  rats  was  18%  greater  than  for  maaophage  from  control  animals. 
The  chemiluminescence  response  for  hepatic  mitochondria  and  miaosomes  from  treated 
rats  were  36%  and  62%  higher  than  control  values,  respectively. 

The  effect  of  endrin  on  production  of  superoxide  anion  by  peritoneal  maaopbages 
is  presented  in  Table  I.  The  data  are  presented  as  nmoles  of  superoxide  anion  produced/3 
X  10^  cells/ IS  min.  Endrin  admim'stration  (4J  mg/kg)  inaeased  the  production  of 
superoxide  anion  based  on  cytochrome  £  and  iodonitrotetrazolium  (INT)  reduction  as 
compared  to  the  cells  from  untreated  animals  by  3.0-  and  2.8-fold,  respectively,  relative  to 
control  values  24  hrs  post-treatment. 
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UfM  patxxitiatUm 

The  effects  of  endrin  on  lipid  peroxidation  in  hepatic  mitochondria  and  microsomes 
are  summarized  in  Table  II.  Mitochondrial  fractions  from  control  animals  exhibited  higher 
leveb  of  lipid  peroxidative  activity  than  microsomal  preparations.  In  rats  treated  with  endrin 
and  killed  24  hrs  later,  14>id  peroxidation  in  mitochondria  and  microsomes  increased  by  1.4’ 
and  1.7-fold,  respectively,  based  on  the  content  of  thiobarbituric  add  reactive  substances 
(TEARS). 

Membrane  ftuUUty 

No  studies  have  been  reported  on  the  effect  of  endrin  treatment  on  membrane 
fluidity.  Steady  state  fluorescence  spectroscopy  was  utilized  to  evaluate  changes  in 
membrane  fluidity  as  a  result  of  endrin  administration  to  rats.  The  effect  of  endrin  on 
changes  in  hepatic  mitochondrial  and  microsomal  membranes  is  presented  in  Table  n. 
Twenty-four  hrs  after  administration  of  endrin,  the  microviscosity  of  mitochondrial  and 
microsomal  membranes  increased  by  29%  and  51%,  respectively,  indicating  decreases  in  the 
fluidity  of  both  membranes  and  alterations  in  membrane  structure.^’ 

DNA  strand  breaks  (DNA-SSB) 

DNA  single  strand  breaks  are  another  index  of  oxidative  stress  and  cellular  damage. 
The  effect  of  endrin  on  DNA  single  strand  breaks  in  hepatic  nuclei  is  shown  in  Table  01. 
Twenty-four  hrs  post-treatment,  a  significant  increase  (3.5-fold)  in  the  hepatic  DNA  elution 
constant  was  observed  with  respect  to  the  control  group. 
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DISCUSSION 


Previ(Mis  studies  have  shown  that  the  administration  of  endrin  to  rats  results  in  an 
increase  in  lipid  peroxidation  and  a  depletion  of  glutathione  in  hepatic  tissue  *  Marked 
histopathological  changes  occur  in  Hver  and  IddnQ^  of  rats  24  hrs  after  treatment  with  4^ 
mg/kg.^  Previous  studies  have  sug^^ested  that  the  toxicity  of  endrin  may  be  at  least  in  part 
due  to  an  enhanced  oxidative  stress  which  results  in  increased  lipid  peroxidation,  glutathione 
depletion,  and  alterations  in  calcium  and  iron  homeostasis  in  hepatic  nuclei,  mitochondria, 
and  microsomes The  results  in  Table  n  confirm  that  endrin  induces  lipid  peroxidation  in 
both  hepatic  mitochondria  and  microsomes.  However,  the  source(s)  of  the  reactive  species 
is(are)  not  known. 

'fhe  production  of  reactive  oxygen  species  by  peritoneal  macrophage,  and  hepatic 
mitochondria  and  microsomes  was  assessed  1^  measuring  production  of  chemiluminescence, 
and  the  reduction  of  cytochrome  £  and  INT.  C^ochrome  fi  and  INT  reduction  are  relatively 
specific  tests  for  superoxide  anion  production,  while  chemiluminescence  is  a  general  assay 
for  the  production  of  reactive  oxygen  species.^  The  three  assays  clearly  demonstrate  the 
production  of  reactive  oxygen  species  by  peritoneal  macrophages,  and  hepatic  mitochondria 
and  microsomes  24  hrs  after  the  administration  of  a  single  dose  of  endrin  to  rats.  Thus,  the 
results  suggest  that  all  three  tissues  may  participate  in  the  production  of  reactive  oxygen 
species  in  response  to  endrin  administration.  Therefore,  rather  than  a  single  source  of 
re  active  oxygen  species,  multiple  sources  may  be  involved.*’’* 

The  ability  of  antioxidants  as  vitamins  A  and  E  to  inhibit  endrin  induced  lipid 
peroxidation  and  prevent  histopathological  changes  in  rats*^  strongly  suggests  a  role  for 
reactive  oxygen  species  and  free  radicals  in  the  toxicity  of  endrin.*'  The  mechanism  involved 
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in  the  production  of  reactive  wiygen  spedes  endrin  is  undear.  However,  recent  studies 
have  shown  that  the  in  vitro  incubation  of  peritoneal  macrophages  as  well  as  hepatic 
mitochondria  and  mlcrosomes  from  rats  with  endrin  results  in  enhanced  production  of 
reactive  oi^en  spedes,  increased  lipid  peroxidation,  and  decreased  membrane  fluidiQr.^ 
Thus,  the  production  of  reactive  ojQrgen  spedes  I4>pear8  to  occur  as  the  result  of  a  direct 
interaction  between  endrin  and  membranes.  These  results  also  suggest  that  an  indirect 
mechanism  is  not  involved  which  might  be  mediated  by  hormones  and/or  receptors. 

The  administratiou  of  endrin  to  rats  also  leads  to  DNA  damage  (Table  m)  and  a 
decrease  in  membrane  fluidity  (Table  II)  which  may  occur  as  the  result  of  the  enhanced 
formation  of  free  radicals.  An  inflammatory  response  is  observed  in  target  tissues  as  liver, 
kidney  and  spleen,  in  rats  treated  with  endrin.*  The  production  of  reactive  ojgrgen  q)cdes 
by  macrophage  recruited  to  target  tissues  may  contribute  to  tissue  damage. 

Bemet  and  Groce*^  have  concluded  that  small  deaeases  in  membrane  fluidiQ'  are 
indicative  of  extensive  alterations  in  membrane  structure.  Thus,  changes  in  membrane 
fluidity  in  response  to  endrin  may  represent  major  structural  alterations  which  contribute 
to  the  toxic  manifestations  of  endrin.  In  summary,  the  re.sults  indicate  that  the  in  vivo 
administration  of  endrin  to  rats  results  in  the  formation  of  reactive  oxygen  species,  enhanced 
lipid  peroxidation  and  DNA  damage,  and  decreased  membrane  fluidity.  Taken  together, 
these  effects  may  contribute  to  the  tissue  damage  observed  in  response  to  endrin. 
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LEGENDS 


Figure  1  •  Production  of  chemiluminescence  by  peritoneal  macrophages  (3  x  10^ 
cells/ml)  following  treatment  of  rats  with  43  mg/kg  endrin.  All  animals  were 
lolled  24  hrs  post-treatment. 

Figure  2  •  Production  of  chemiluminescence  by  hepatic  mitochondria  (1.0  mg 
protein/ml)  following  treatment  of  rats  with  43  mg/kg  endrin.  All  animals 
were  killed  24  hrs  post-treatment 

Figure  3  •  Production  of  chemiluminescence  by  hepatic  microsomes  ( 1.0  mg  protein/ml) 

following  treatment  of  rats  with  43  mg/kg  endrin.  All  animals  were  killed  24 
hrs  post-treatment. 
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Table  I 


Production  of  superoodde  anion  by  peritoneal  macrophage  based  on  ^ochrome  s  and 
iodonitrotetrazolium  (INT)  reduction  following  treatment  of  rats  with  mg/kg  endrin. 

nmol  cytochrome  £ 
reduced/3  x  10^  cells/ 

nmol  INT  reduced/ 

3  X  10^  ceUs/15  min 

15  min 

Control 

56.1  ±  23 

30.7  ±  3.4 

Endrin  treated 

170.7  ±  5.8* 

85.5  ±  42* 

Data  are  expressed  as  the  mean  values  of  4-5  experiments  ±  SD.  INT  * 
iodonitrotetrazolium  violet.  All  amtna'ts  were  kDied  24  fcrs  post-treatment  The  incubation 
time  was  15  min  at  37*  C  *P  <  0.05  will*  respect  tc  the  coatiol  group. 
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Table  m 


Effect  of  endiin  on  hepatic  DNA  single  strand  breaks. 


Parameter 

Control 

Treated 

DNA  Single  Strand  Breaks 

5.6  ±  15 

19.2  ±  63’ 

(elution  constant  k  x  10^ 

Female  rats  were  treated  with  4.5  mg/kg  endrin  and  killed  24  hrs  post-treatment.  The 
control  group  received  the  vehicle.  Each  value  is  the  mean  ±  SD  of  8-12  animals.  *P  < 
0.05  with  respect  to  the  control  group. 
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SUMMARY:  The  effect  of  oral  endrin  administration  to  rats  on  the  production  of  nitric 
OJdde  (NO)  by  peritoneal  macrophages  was  investigated.  Nitric  oxide  formation  was 
measured  as  nitrite.  Endrin  (4i  mg/kg)  enhanced  the  secretion  of  NO  by  approximately 
300%.  The  effect  of  endrin  on  NO  formation  was  both  dose*  and  time-dependent.  EUagic 
add,  which  has  been  shown  to  be  a  potent  antioxidant,  inhibited  the  elevation  of  NO 
production  induced  by  endrin.  These  results  suggest  that  the  toxidty  of  endrin  may  at  least 
in  part  be  due  to  the  production  of  an  oxidative  stress. 


Nitric  oxide  (NO)  has  been  shown  to  be  an  important  cellular  transmitter  in  many 
biological  systems,  induding  the  brain  and  the  endothelium  (1-5).  Murine  maaophages 
when  activated  by  lipopolysaccharides  (LPS)  alone  or  in  combination  with  y-interferon 
(IFN-v)  produce  nitrite  and  nitrate  (6,7).  Similar  results  were  obtained  with  murine 
macrophage  cell  lines  and  rat  peritoneal  macrophages  (8-11).  The  nitrite  and  nitrate  are 
derived  from  NO  ( 12,13).  Kuppfer  cells,  bone  marrow  and  wound  macro^b2h.:s  of  rats  have 
the  capadQr  to  release  nitrite  (14-17).  It  has  been  demonstrated  that  the  iv;:tbesis  of  NO 
by  macrophages  produces  qrtotoxic  and  cytostatic  effects  on  tumor  target  cells  (18,19),  and 
may  be  important  in  the  microbiddal  activity  of  macrophages  (20). 

Besides  LPS  and  IFN-y,  other  immu nostimulants  as  Bacillus  an^ 

tumor  necrosis  factor  (TNF)  can  induce  increased  generation  of  NO  in  animal.  (7.9).  xhe 

effects  of  xenobiodcs  on  the  macrophage  production  of  NO  hat  received  little  attention  to 
date. 

Endrin  has  been  shown  to  induce  an  oxidative  stress  in  rats  resulting  in  enhanced 
lipid  peroxidation  and  DNA  single  strand  breaks  (21).  The  source  of  the  reactive  oo^en 
spedes  is  unknown.  However,  maaophage  activation  may  be  a  source  of  the  reactive 
or/gen  spedes.  The  present  study  investigates  the  effect  of  endrin  on  the  production  of  NO 
b)  rat  peritoneal  macrophages. 
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MAI  ERIALS  AND  METHODS 

Choftkab^  MeAt  and  Reagents.  Endrin  was  obtained  from  Supelco,  Inc.  (Bellefonte, 
PA).  Dulbeooo’s  Modified  Eagle  Medium  (D>MEM),  glutamine,  penidllin-strepton^dn, 
Hepes  buffer,  MEM-non-essential  amino  adds  (NEAA)  and  sodium  pyruvate  solution  were 
purchased  from  Gibco  Laboratories  (Grand  Island,  NY).  Fetal  bovine  serum  (FBS)  was 
obtained  from  Hyclone  (Logan,  UT).  Sulfanilamide.  N-(l*naphthyl)ethylenediamine, 
sodium  nitrite,  ellagic  add  and  other  chemicals  were  obtained  from  Sigma  Chemical  Co.  (St. 
Louis,  MO). 

Antnuds  and  Treatment.  Female  Sprague*Dawley  rats,  weighing  160-200  g  (Sasco, 
Inc.,  Omaha,  NE),  were  housed  in  stainless  cages  and  maintained  under  a  controlled 
environment  of  20-22*0  with  a  12  hr  light-dark  cycle.  All  the  animals  were  allowed  free 
access  to  Purina  Rodent  Chow  and  tap  water,  and  were  acclimated  for  3-S  days  prior  to  use 
in  the  experiments.  Groups  of  rats  were  treated  with  3, 4.5  and  6  mg  endrin/kg  body  weight 
as  a  single  oral  dose  in  com  oil  or  the  vehicle,  and  sacrificed  by  decapitation  24  hrs  post¬ 
treatment  Other  rats  were  given  4.5  mg  endrin/kg  by  the  same  route  and  sacrificed  12,  24 
and  48  hrs  later.  Rats  treated  with  ellagic  add  were  given  ellagic  add  in  saline  (pH  9.5 
adjusted  with  NaOH)  orally  at  a  dose  of  6  mg/kg  daily  for  3  days  and  on  the  4Ui  day.  2 
mg/kg  2  hn  before  endrin  or  t*'.e  com  oil  vehicle. 

Isoiation  afPeHtoneal Macrophage.  After  decapitation  of  the  rats,  10  ml  of  a  buffer 
containing  140  mM  NaCl,  5mM  KCl,  16  mM  glucose,  1  mM  CaCl2  and  20  mM  Hepes,  pM 
13  was  injected  into  the  peritoneal  cavity.  The  cavity  was  massaged  and  the  fluid  wa% 
withdrawn.  TWo  additional  10  ml  portions  of  the  buffer  were  injected  into  the  cavi^  whii.  ^ 
was  then  massaged  and  the  fluid  withdrawn.  The  fluid  was  centrifuged  at  30Q0  rpm  for  : 
min.  The  pelleted  ceils  were  resuspended  in  2  ml  of  02%  NaQ  for  30  sec  to  Iw 
eiythroQies,  and  isotonidty  was  restored  with  2  ml  of  1.6%  NaQ.  The  macrophage  ce  :  > 
were  resuspended  in  Dulbecco’s  Modified  Eagles  Medium  (D-MEM)  containing  methionmr 
and  supplemented  with  glutamine,  penicillin-streptomycin,  Hepes  buffer,  MEM-non-essen  t .  j 
amino  acids,  sodium  pyruvate  solution  and  fetal  bovine  serum.  The  cells  were  counted  u :  * 
a  hemocytometer,  and  diluted  to  2  million  cells/ml. 

Incubation  of  Ac  Peritoneal  Macrophages.  The  macrophage  cells  were  distributed 
plastic  petri  dishes  (30  x  15  mm)  in  1  ml  volumes  and  incubated  at  37*C,  5%  CO^  in 
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humified  atmosphere.  After  2  hrs,  1  ml  of  warm  medium  was  added  to  each  petri  dish  and 
the  incubation  continued  for  40  hrs.  The  medium  from  the  incubated  petri  dishes  was 
centrifuged  at  3000  rpm  for  10  min,  and  the  supernatant  fiaction  from  each  petri  dish  was 
used  for  the  assay  of  nitrite.  Medium  without  cells  was  incubated  for  the  same  length  of 
time  and  used  as  the  control. 

Measurement  cf  Nitric  Oxide  Production  as  Nitrite.  Maaophage  nitric  oxide  (NO) 
production  was  measured  indirectly  as  nitrite  concentration  in  the  supernatant  fractions. 
The  nitrite  concentration  was  determined  using  Greiss  reagent  (19)  containing  equal 
volumes  of  0.1%  N-(l*aaphtbyl)ethylenediamine  and  1%  sulfanilamide  in  5%  phosphoric 
acid.  One  ml  of  the  supernatant  fraction  was  mixed  with  1.0  ml  Greiss  reagent,  warmed  to 
37  *C  and  the  absorbance  was  determined  at  543  nm  using  a  Perkin*Elmer  Lambda  6 
spectr(^hotometer.  The  absorbance  of  the  control  medium  (i.e.  medium  incubated  without 
cells  for  40  hrs)  was  substrated  from  the  absorbance  of  the  medium  containing  maaophage 
cells.  A  calibration  curve  for  the  nitrite  concentration  was  established  using  sodium  nitrite 
solution  (5*40  uM/L). 

Stcristkal  Methods.  Significance  between  pairs  of  mean  values  was  determined  by 
Student’s  l*test.  A  P  <  0.05  was  considered  significant  for  all  analyses. 

RESULTS  AND  DISCUSSION 

The  produaion  of  nitric  oxide  (NO)  by  rat  isolated  peritoneal  maaophages  was 
measured  indirectly  as  supenuttant  nitrite  concentratiocL  Fig.  1  shows  the  effect  of  various 
oral  doses  of  endrin  on  the  production  of  NO  as  nitrite  by  maaophages  as  cooopared  with 
the  controls  24  hrs  post*treatment.  Nitric  oxide  production  was  enhanced  by  treatment  of 
rats  with  endrin  (3  mg  to  6  mg/kg).  Endrin  (4J  mg/kg)  produced  the  greatest  enhancement 
of  NO  production  by  maaophages  which  was  approximate^  300%  greater  than  the  controls. 
Inaeasing  the  dose  of  endrin  to  6  mg/kg  did  not  additionally  inaease  the  production  of 
NO. 

The  effea  of  endrin  (4.5  mg/kg)  administered  at  various  times  prior  to  isolation  of 
the  maaophages  is  shown  in  Fig.  2.  Treatment  of  the  rats  for  12  hrs  inaeased  the 
production  of  NO  by  about  200%.  Inaeasing  the  time  prior  to  isolation  of  maac^hages 
to  24  hrs  and  48  hrs  enhanced  the  seaetion  of  NO  to  300%  and  360%,  respectively. 


When  rats  were  treated  with  ellagic  add  for  3  days  before  the  administration  of 
endrin  (4^  n^g/kg)  for  24  hrs,  the  inaease  in  NO  production  imhiced  fay  endrin  was  almost 
completely  inhibited  (Table  1).  However,  treatment  of  rats  with  ellagic  add  alone  did  not 
significant^  decrease  the  production  of  NO  by  isolated  macrc^hages. 

It  has  been  reported  by  mai^  investigators  that  activated  macrophages  secrete  NO 
which  is  most  easily  detected  as  nit'te  or  nitrate.  Nitric  oxide  production  has  been 
demonstrated  with  murine  macrophage  ceU  lines  and  murine  peritoneal  exudate  cells  after 
treatment  with  Ifot^^MCcharide  (LPS),  alone  or  in  combination  with  interferon  gamma 
(IFN'y)  (5.7,18,19,22,23).  Pulmonaiy  macrophages  from  rats  (24)  and  human  neutrophils 
(25*27)  also  secrete  NO  when  activated. 

Without  activation,  macrophages  from  mice  produce  low  levels  of  NO  (  <  1  pM)  (5). 
In  the  present  study,  macrophages  from  control  rats  produced  as  much  as  10  mM  per  10^ 
cells  in  40  hrs.  The  reason  for  the  difference  is  unknown  but  may  be  spedes  related. 

Endrin  treatment  of  rats  induced  NO  production  by  peritoneal  macrophages  which 
was  both  time*  and  dose-dependent  The  mechanism  involved  in  macrophage  activation  is 
not  known.  However,  endrin  has  been  shown  to  induce  oxidative  stress  in  rats,  resulting  in 
enhanced  lipid  peroxidation,  DNA  single  strand  breaks,  deaeased  glutathione  content  and 
decreased  membrane  fluidity  (21,28).  The  production  of  reactive  oxygen  spedes  may  be 
assodated  with  the  activation  of  the  macrophage  synthase  which  has  been  shown  to  be 
responsible  for  the  production  of  NO  from  L-arginine  (7).  L-arginine  was  present  in  the 
incubation  media  used  in  this  study. 

EUagic  add  has  been  shown  to  be  a  potent  antioxidant  and  can  inhibit  the  lipid 
peroxidation  induced  in  rat  liver  by  various  xenobiotics  induding  carbon  tetrachloride  (29). 
In  the  present  study,  ellagic  add  inhibited  the  ability  of  endrin  to  induce  NO  production  by 
the  macrophages  indicating  the  involvement  of  some  reactive  intermediate  in  the  formation 
of  NO. 

The  results  suggest  that  macrophages  may  be  at  least  one  source  of  reactive  oxygen 
spedes  associated  with  the  oxidative  stress  produced  by  endrin. 
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nwre  It  Effect  of  various  doses  of  endrin  on  the  secretion  of  nitrite  by  peritoneal 
macrophages  of  rats.  The  rats  were  sacrificed  24  hrs  post-treatment  and  the  macrophages 
were  cultured  for  40  hrs  before  the  assay  of  the  supernatant.  Each  value  is  the  mean  ±  S.D 
n«»4. 


Rwre  It  Time-dependent  effect  of  endrin  (4.5  mg/kg)  on  the  secretion  of  nitrite  k 
peritoneal  macrophages  of  rats.  The  time  refers  to  hours  post-treatment  The  macropbaicr 
cells  were  cultured  for  40  hrs  before  the  assay  of  the  supernatant  Each  value  is  the  mea” 
t  S.D.,  n*4. 
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TABLE  1 
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Effect  of  ellagic  add  on  the  secretion  of  NO  measured  as  nitrite  by  peritoneal  macrophages 
from  rats  treated  with  endrim 


Treatment  with 

uM/lO*  macrt^hage  cells 

G>ntrol  (com  oil) 

10.16  ±  1.99 

Endrin  (4.5  mg/kg) 

3030  ±  4.42* 

Ellagic  add  (6  mg/kg  for  3  days) 

9.09  ±  2.43 

Ellagic  add  (6  mg/kg)  +  Endrin  (4.5  mg/kg) 

11.47  ±  1.40 

Rats  were  treated  with  endrin  or  com  oil  and  sacrificed  24  hrs  later.  Results  are  expressed 
as  the  mean  t  S.D.  of  4  animals. 

'Statistically  significant  at  P  <  0.05  when  compared  with  the  control  and  ellagic  add  treated 
groups. 
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>|kbttrict  •  Hepatic  mitodioiidria  and  microsomes  as  well  as  peritoneal  macrophages  from 
female  Sprague-Dawley  rats  were  incubated  for  up  to  30  min  at  37*  C  in  the  presence  of  0- 
200 ng/ml  23,7,8-tetrachlorodibenzo-p-dioxin  (TCDD),  endrin  ( 1,23A  10. 10>hexachloro^,7- 
epo}^- 1,4,40.5, 6.7,8,8a-octahydroendo,endo-1.4:5.8-diraetbanonaphthalene)  and  lindane 
(hexachlorocydohexane).  Production  of  reactive  oxygen  species  was  determined  by 
chemiluniinescence  and  cytochrome  £  reduction,  while  potential  tissue  damage  was  assessed 
by  alterations  in  membrane  fluidity.  Chemiluminescence,  a  sensitive  but  nonspecific 
measure  of  free  radical  generation,  increased  40-70%  when  macrophages  (3  x  10^  cells/ml), 
mitochondria  and  microsomes  (1  mg/ml)  were  incubated  with  the  three  polyhalogenated 
cyclic  t^drocarbons  (PCH).  Maximum  increases  in  chemiluminescence  occurred  within  5- 10 
min  of  incubation  and  persisted  for  over  30  min.  The  ^tochrome  £  reduction  assay  is  mosit 
specific  for  superoxide  anion  production.  When  hepatic  mitochondria  were  incubated  witri 
endrin  and  lindane  for  15  min  at  100  ng/ml,  increases  in  cytochrome  £  reduction  of  6^-  anc 
7.5-fold  occurred,  respectively,  while  when  microsomes  were  incubated  with  these  same  rwk  • 
PCH  increases  in  cytochrome  £  reduction  of  8.6-  and  1 1.6-fold  occurred,  respectively.  Whc : 
mitochondria,  microsomes  and  macrophages  were  incubated  with  TCDD  under  identuu 
conditions,  small  increases  in  superoxide  anion  production  was  detected.  Changes 
microsomal  membrane  fluidity  were  determined  spectrofluorometrically  following  incuba  t .  < 
with  the  three  PCH  using  diphenyl- 1,3,5-bexatriene  as  the  fluorescent  probe.  TCDD,  enor 
and  lindane  enhanced  microsomal  membrane  apparent  microviscosity  by  2J-,  2.1-,  and 
fold,  respectively,  indicating  a  significant  decrease  in  membrane  fluidity.  The  results  clc  u 
indicate  that  the  three  PCH  induce  free  radical  formation,  but  superoxide  anion  product, 
is  enhanced  more  in  the  presence  of  endrin  and  lindane  than  with  TCDD. 
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INTRODUCTION 


The  production  and  release  of  oxygen  radicals  by  phagocytic  leukocytes  is  one  of  the  most 
important  functions  of  these  ceils  in  biology.*'^  When  neutrophils  or  certain  macrophages 
phagotytize  they  produce  superoxide  anion  and  hydrogen  peroxide,  and  form  secondary 
products  of  these  activated  species.  During  phagocytosis  or  in  response  to  soluble  stimuli, 
macrophages  undergo  a  burst  of  oxidative  metabolisno.  In  addition,  stimulated  macrophages 
emit  light  or  chemiluminescence^  which  is  a  sensitive  measure  of  macrophage  oxidative 
potential  and  correlates  with  antimicrobial  activity.  Previous  studies  have  suggested  that  the 
in  vivo  administration  of  a  variety  of  polybalogenated  cyclic  hydrocarbons  (PCH)  may  exert 
their  toxic  effects  in  part  by  the  stimulation  of  reactive  oxygen  species  productioiL^^  The 
source(s)  of  the  reactive  oxygen  species  is  (are)  unclear,  and  whether  PCH  enhance  reactive 
oxygen  species  production  by  direct  or  indirect  mechanisms  has  not  been  determined. 

Macrophages  may  be  a  source  of  these  reactive  oxygen  species  in  response  to  PCH. 
Most  of  the  increased  oxygen  uptake  during  respiratory  burst  is  utilized  by  the  eotyme 
system  to  catalyze  one  electron  reduction  of  oxygen  to  superoxide  anion  by  using  NADPH 
as  the  electron  donor.  The  superoxide  anion  produced  is  the  major  source  of  hydrogen 
peroxide*  through  a  dismutation  reaction  and  also  appears  to  be  an  intermediate  metabolite 
for  the  formation  of  hydroxyl  radical  perhaps  through  a  modified  Haber^Weiss  reaction.’ 


2 


Two  other  potential  sources  of  reactive  oxygen  species  include  mitochondria  and 


microsomes.* 

In  the  present  study,  a  comparison  of  the  in  vitro  effects  of  PCH  including  endrin, 
lindane  and  TCDD  was  conducted  on  maaophages.  and  hepatic  mitochondria  and 
microsomes.  The  ability  to  produce  reactive  oxygen  species  in  vitro  was  assessed  by 
chemiluminescence  and  cytochrome  £  reduction.  Although  the  chemiluminescence  from 
stimulated  polymorphonuclear  leukocytes  or  macrophages  is  easily  measurable,  the  addition 
of  luminol  (S-aminO‘23*dihydro*l,4  phthalazinedione)  to  the  ^tem  markedly  anq)lifies  the 
chemiluminescent  response.'"'*^  Due  to  its  greater  specificity,  t^ochrome  £  was  also  used 
to  assess  the  production  of  reactive  oxygen  species  by  peritoneal  macrophages  and  isolated 
mitochondrial  and  microsomal  membrane.  Previous  studies  suggest  that  most  of  the 
physiological  effects  of  PCH,  following  either  acute  or  chronic  exposure,  appear  to  be 
membrane  associated.^  Oxygen  derived  free  radicals  have  been  implicated  in  tumor 
promotion  leading  to  membrane  perturbation.*^^^  Hence,  membrane  fluidity  was  also 
measured  with  isolated  hepatic  microsomal  membranes  using  l,6^pbeityl  134*bexatriene 
(DPH)  as  a  fluorescent  probe. 

MATERIALS  AND  METHODS 


Female  Sprague-Dawley  rats  (140-160  g)  were  obtained  from  Sasco,  Inc.  (Omaha, 
NE).  The  animals  were  maintained  in  stainless  steel  cages  at  22  *  C  with  a  12  hr  light/dark 
cycle.  The  animals  v/ere  allowed  free  access  to  Purina  Laboratory  Chow  (Ralston  Purina 
Co.,  St.  Louis,  MO)  and  tap  water.  All  animals  were  acclimated  for  3  to  5  days  prior  to  the 
initiation  of  e]q>eriments.  2,3,7,8‘Tetrachlorodibenzo-p^oxin  (TCDD)  was  obtained  from 
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tht  Nidoml  Ciiwtr  Imtitutt  ClMiDical  Cardnoftn  lUpofltoiy  (BttbMda,  MD)  «nd  bad  t 
purify  >  99%.  Bndrio  and  Undaoa  (haxachlorocydobMcana)  war#  purcbaMd  from  Supelco, 
lae.  (BaUafoaMi  PA)  and  had  a  purity  >  98%.  Cytochroint  s  Oypa  VI)  and  other 
ehemiealf  ware  raafant  pada  and  obtained  from  Sigma  Cbamlcal  Co.  (St.  Louii,  MO). 

CiU  dotation 

Raildaot  peritoneal  enidate  eelli  (primarily  maeropbages)  were  iiolated  from  fimaie 
Sprague<Dawley  rau.  The  anJmalf  were  killed  by  deeaplution,  and  the  maeropbagei  were 
Isolated  with  Hepei  buffer,  pH  74  (140  ntM  NaO,  S  mM  KCllO  mM  glucose,  2  mM  Ca*’ 
and  20  mM  Hepei)  which  wu  Idjected  Into  the  peritoneal  cavity  and  fubsequently  aspirated. 
This  step  was  repeated  three  times  with  10  ml  fractions.  The  macrophages  were  centrifuged 
at  3,000  rpm  for  10  min.  Pellets  were  washed  with  buffer  and  resuspended  in  buffbr  after 
repeated  centriAigadon.  Cells  were  counted  with  a  bemocytometer  and  diluted  to  3  x  10* 
cells/ml,  and  viability  was  checked  by  the  trypan  blue  exclusion  method.  To  determine  the 
composition  of  the  peritoneal  exudate  cells,  the  cells  were  cyto-centriftiged  in  a  Sbandon 
Qtospin  2  to  collect  a  represenuUve  sample  of  well  displayed,  randomly  distributed, 
unorowded  ceiis.^  The  ceil  preparations  were  composed  of  60*70%  macrophages,  3*7% 
lymphocytes,  13*20%  eosinophlli,  and  4*8%  basophils. 

liolotion  of  htpatic  mltocHondrtai  and  mlemomcd  mimbranu 

After  withdrawal  of  the  peritoneal  macrophages,  livers  were  quickly  removed  and 
placed  in  ice  cold  SO  mM  Tris  KCI  buffer  (pH  7.4}  containing  150  mM  KG,  1  mM  EDTA, 

1  mM  dithiothreitol  and  10%  glycerol.  The  livers  were  homogenized  with  5  ml  buffer/gm 
In  a  Pottcr-Blveltjcm  homogcnizer  fitted  with  Teflon  pestle  (four  30  sec.  strokes), 
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Subcellular  fractionation  was  achieved  by  differential  centrifiigation  as  described  by  Casals 
at  aL“.  Isolated  mitochondria  and  microsomal  fractions  were  further  purified  by  repeated 
centrifugation.  Protein  concentrations  were  determined  by  the  method  of  Lowry 
using  bovine  serum  albumin  as  the  standard. 

Measurement  of  chemibminescence 

Chemiluminescence  was  measured  in  a  ChronoLog  LumiVette  luminometer 
(Cbronolog  Corp.,  Philadelphia,  PA).  The  assay  was  conducted  in  3  ml  glass  minivials.  The 
vials  were  incubated  at  37*C  prior  to  measurement  The  bacl^ound  chemiluminescence 
of  each  vial  was  determined  before  use.  Samples  containing  3  x  10^  cells/ml  or  1  mg/ml 
microsomal  or  mitochondrial  protein  were  pre-incubated  at  37  *  C  for  30  min.^”  After  pre¬ 
incubation,  100  ng/ml  of  endrin,  lindane  or  TCDD  were  added.  Control  samples  contained 
the  vehicles.  Phorbol  myristate  acetate  (PMA)  was  used  as  a  positive  control  since  it  is  a 
well  known  activator  of  macrophages  and  tumor  prorooter.^^^  Chemiluminescence  was 
monitored  for  30  min  at  continuous  one  min  intervals.  All  additions  to  the  vials  as  well  as 
chemilumiac'scence  counting  procedures  were  performed  under  dim  lighting  conditions. 
Chemilurniiiesceace  was  enhanced  by  the  addition  of  luminol  (4  mM)  to  each  solution. 
Results  are  expressed  as  counts/unit  time  minus  background. 

Membrane  flukiity 

Microsomal  membranes  were  exposed  to  100  ng/ml  TCDD,  endrin  and  lindane,  and 
the  reaction  mixtures  were  incubated  at  37'C  for  30  min.^‘  The  reactions  were  terminated 
by  layering  the  reaction  mixtures  over  ice  cold  0.25  M  sucrose  solution.  After  sedimentation 
by  centrifugation,  the  pellets  were  treated  with  0.50  mM  1,6-diphenyl- 1,3,5-hexatrieDe  (DPH) 
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in  tetrahydrofiiran,  and  incubated  at  37*C  for  2  hrs.”  Fluorescence  polarization  as  a 
measure  of  membrane  fluidity  was  determined  at  25  *C  with  a  Perkin  Elmer 
spectrofluorimeter  equipped  with  perpendicular  and  parallel  polarizers  using  an  excitation 
wavelength  of 365  nm  and  an  emission  wavelength  of 430  nm.^^  The  ^parent  microviscosity 
was  calculated  from  the  fluorescence  polarization  which  is  an  index  of  membrane  fluidity.^ 

Cytochrome  q  reduction 

Superoxide  anion  production  by  peritoneal  macrophages  and  hepadc  mitochondria 
and  microsomes  was  measured  by  the  cytochrome  £  reduction  assay  of  Babior  et  al*.  The 
reaction  mixture  contained  1  ml  of  macrophage  cells  (3  x  10^  cells/ml),  mitochondria  or 
microsomes  (1  mg  protein/ml),  and  cytochrome  £  (0.05  mM).  TCDD,  endrin  or  lindane  wa^ 
added  at  100  ng/ml.  The  reaction  mixtures  were  incubated  for  15  min  at  37  *C.  The 
reactions  were  terminated  by  placing  the  reaction  mixtures  in  ice.  The  mixtures  were 
centrifuged  for  10  min  at  4*C,  and  the  supernatant  fractions  were  transferred  to  clean  tubc> 
for  subsequent  spectrophotometric  measurement  at  550  nm.  Absorbance  values  were 
converted  to  nmol  of  cytochrome  £  reduced  using  the  extinction  coefScient  of  2.1  x  10*  M 
cm  ‘/15  min. 

Lipid  peroxidation 

Since  lipid  peroxidation  occurs  in  response  to  free  radicals  and  reactive 
species,  the  in  vitro  effects  of  endrin  and  lindane  were  assessed.  Hepatic  mitochondrial  j 
microsomal  membranes  (1  mg  protein/ml)  were  incubated  with  endrin  and  lindane  ( :  • 
ng/ml)  at  37*C  for  45  miiL  Incubations  were  also  conducted  in  the  presence  of  the  fre 
radical  scavengers  superoxide  dismutase  (SOD)  (100  Mg/ml),  catalase  (100  Mg/m.  > 
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allopurinol  (100  Mg/inl)t  cataUw  SOD  (100  Mg/ml  100  Mg/mi),  ud  mannitol  (1^ 
mmol/ml).  The  reactions  were  terminated  by  U^ering  the  reaction  mixtures  over  ice  cold 
0^  M  sucrose  solution  followed  by  centrifogatfotL^  The  resulting  pellets  were 
homogenized  in  0.0S  M  Trie  buffer,  pH  7.4,  and  lipid  peroxidation  of  treated  and  control 
membranes  with  and  without  scavengers  were  estimated  by  the  thiobarbituric  acid  method 
according  to  Buege  and  Aust^  Malondialdebyde  was  used  as  the  standard  with  a  molar 
extinction  coefScient  of  c  ■  U2  x  10^  at  535  nm. 

Statistical  analysis 

Data  for  each  group  were  subjected  to  analysis  of  variance  (ANOVA)  and  Student’s 
i  test  The  data  are  expressed  as  the  mean  ±  standard  deviation  (SD).  Each  value  is 
derived  from  at  least  foiu*  animals.  The  level  of  statistical  significance  enq>loyed  in  all  cases 
was  p  <  0.05. 


RESULTS 


Rapid  increases  in  chemiluminescence  were  observed  when  peritoneal  maaophages 
from  rats  were  incubated  with  endrin,  lindane  and  TCDD  as  well  as  PMA  which  was  used 
as  a  positive  control  (Fig.  1).  Maximum  responses  occurred  after  5'7  min  of  incubation,  and 
began  to  c  ecline  thereafter.  However,  chemiluminescence  produced  by  the  maCTophages 
in  the  prc'^ence  of  the  four  xenoblotics  was  still  above  control  levels  after  30  min  (data  not 
shown). 

The  percent  increases  in  chemiluminescence  following  incubation  of  peritoneal 
macrophages  with  endrin,  lindane,  TCDD  and  PMA  are  presented  in  Table  1.  Preliminary 
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studies  indicated  that  linear  results  were  obtained  with  cells  in  the  range  of  1*5  x  10^ 
cells/ml  (data  not  shown).  Therefore,  for  all  reported  data,  3  x  10^  cells/ml  were  used.  The 
results  in  Fig.  1  were  determined  using  100  ng/ml  of  each  of  the  four  xenobiotics.  No 
significant  differences  were  observed  when  a  concentration  of  10  ng/ml  was  used  for  endrin, 
lindane  and  TCDD. 

Giemiluminescence  as  a  measure  of  reactive  oxygen  species  production  by  hepatic 
mitochondrial  and  microsomal  membranes  incubated  with  100  ng/ml  endrin,  lindane  and 
TCDD  are  presented  in  Figs.  2  and  3,  respectively.  PMA  (100  ng/ml)  was  also  used  as  a 
positive  control.  Rapid  increases  in  chemiluminescence  were  observed  during  the  first  5-10 
min  for  endrin,  TCDD  and  PMA  with  mitochondria  (Fig.  2),  while  in  the  presence  of 
lindane,  the  chemiluminescence  continued  to  increase  during  the  first  15  min.  In  all  cases, 
small  changes  in  chemiluminescence  were  observed  thereafter.  Endrin  was  also  added  at 
a  concentration  of  10  ng/ml  and  a  dose-response  effect  was  observed  with  the  mitochondria 
(Fig.  2).  The  percent  increases  in  chemiluminescence  following  incubation  of  hepatic 
mitochondria  with  endrin,  lindane,  TCDD  and  PMA  are  presented  in  Table  L 

When  hepatic  miaosomes  were  incubated  with  endrin,  lindane,  TCDD  and  PMA, 
rapid  inaeases  in  chemiluminescence  occurred  during  the  first  4-6  min  of  incubation,  and 
remained  relatively  constant  thereafter  (Fig.  3).  At  a  concentration  of  100  ng/ml,  the 
relative  increases  in  chemiluminescence  produced  by  the  four  xenobiotics  were  similar  for 
mitochondria  (Fig.  2)  and  microsomes  (Fig.  3).  The  percent  increases  in  chemiluminescence 
following  incubation  of  hepatic  microsomes  with  the  four  xenobiotics  are  presented  in  Table 
I. 

Since  chemiluminescence  production  is  a  non-specific  assessment  of  the  production 
of  reactive  oxygen  species,  superoxide  anion  production  in  vitro  following  incubation  of 
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peritoneal  macrophages,  and  hepatic  mitochondria  or  microsomes  with  endrin,  lindane, 
TCDD  and  PMA  was  determined  by  measuring  cytochrome  £  reduction.  These  data  are 
presented  in  Table  H  The  results  are  presented  as  the  nmol  tytochrome  £  reduced/ 15 
min/3  x  10^  cells  or  mg  protein.  Incubation  of  macrophages  with  endrin,  lindane,  TCDD 
and  PMA  resulted  in  increases  in  superoxide  anion  production  of  2.6-,  2.7%  1.4-,  and  3.8* 
fold,  respectively.  When  hepatic  mitochondria  were  incubated  with  endrin,  lindane,  and 
TCDD,  increases  in  production  of  superoxide  anion  of  63*,  7.5-,  and  1.4-fold  occurred, 
respectively.  Under  similar  conditions  with  hepatic  microsomes,  increases  in  superoxide 
anion  production  of  8.4-,  11.6-,  and  13-foid,  respectively,  were  observed  (Table  0). 

The  production  of  thiobarbituric  acid  reactive  substances  (TBARS)  as  an  index  of 
lipid  peroxidadon  following  the  in  vitro  incubation  of  rat  hepatic  mitochondria  and 
microsomes  with  endrin  and  lindane  is  presented  in  Table  DL  Malondialdehyde  (MDA) 
was  used  as  the  standard.  The  results  indicate  that  endrin  enhanced  the  production  of 
MDA  23'  and  2.4-fold  in  mitochondria  and  microsomes,  respectively,  while  lindane  resulted 
in  2.4-  and  3.7'fold  increases  under  these  same  conditions.  The  addition  of  SOD  or  catalase 
to  the  incubation  mixtures  significantly  decreased  the  formation  of  TBARS  relative  to 
mitochondria  or  microsomes  to  which  only  endrin  or  lindane  had  been  added.  For  example, 
the  formation  of  TBARS  by  mitochondria  and  microsomes  in  the  presence  of  endrin 
decreased  by  24  and  32%  when  SOD  was  added,  respectively.  Similarly,  the  production  of 
TBARS  by  mitochondria  and  miaosomes  in  the  presence  of  lindane  decreased  by  37  and 
46%,  respectively,  when  SOD  was  added  (Table  m).  Similar  results  were  produced  when 
catalase  was  added  to  the  incubation  mixtures.  The  addition  of  both  SOD  and  catalase 
completely  prevented  both  endrin  and  lindane  induced  lipid  peroxidation  with  mitochondria 
and  microsomes.  The  addition  of  allopurinol  produced  results  similar  to  the  results 
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observed  following  addition  of  SOD  plus  catalase.  The  addition  of  mannitol  to 
mitochondria  and  microsomes  also  resulted  in  a  partial  inhibition  of  endrin  and  lindane 
induced  lipid  peroxidation  (Table  m). 

The  effects  of  endrin,  lindane  and  TCDD  on  the  microviscosity  of  microsomal 
membranes  is  presented  in  Fig.  4.  The  membranes  were  incubated  under  the  conditions 
described  for  lipid  peroxidation  (Table  DI).  Microviscosity  is  inversely  proportional  to  the 
membrane  fluidity.  The  results  clearly  demonstrate  that  the  in  vitro  incubation  of  rat 
hepatic  microsomal  membranes  with  endrin,  lindane  and  TCDD  resulted  in  2.1-,  23>,  and 
23-fold  increases  in  microviscosity,  respectively. 


DISCUSSION 


The  in  vitro  incubation  of  structurally  dissimilar  polyhalogenated  cyclic  hydrocarbons 
with  rat  peritoneal  macrophages,  and  hepatic  mitochondria  and  microsomes  results  in  the 
production  of  reactive  oxygen  species  as  demonstrated  by  enhanced  chemiluminescence 
(Figs.  1-3;  Table  I)  and  cytochrome  £  reduction  (Table  II).  Previous  studies  have  shown  that 
TCDD,^’’  endrin,^  and  lindane^  induce  an  oxidative  stress  in  rodents,  although  the 
mechanism  involved  and  the  source  of  the  reactive  oxygen  species  was  unknown.  Goel  si 
gl.^  have  also  shown  that  lindane  induces  an  increase  in  hepatic  Upid  peroxidation  in  rats. 
The  current  studies  suggest  that  macrophages,  mitochondria  and  microsomes  may  all  serve 
as  sources  of  reactive  oxygen  species  in  response  to  various  polyhalogenated  cyclic 
hydrocarbons. 

The  chemiluminescent  profiles  in  the  presence  and  absence  of  xenobiotics  (Figs.  1-3) 
are  similar  to  previously  reported  results  for  nticrosomes^  and  polymorphonuclear 

10 


'■•L  U 


leukoses”  as  well  as  epithelial  cells.*  The  sustained  chemiluroinesoence  produced  by 
adding  endrin,  lindane  and  TCDD  is  presumably  due  to  the  continued  production  of  reactive 
oxygen  species  and/or  other  free  radical  species.  The  incubation  of  luminol  with  endrin, 
lindane  or  TCDD  in  the  absence  of  maaophages,  mitochondria  or  microsomes  did  not 
result  in  an  increase  in  chemiluminescence  with  time  (data  not  shown).  Therefore,  the 
increase  in  chemiluminescence  with  time  observed  in  Figs.  1*3  is  not  due  to  a  direct 
interaction  between  the  PCH  and  luminol. 

The  reason  for  low  levels  of  superoxide  anion  production  (Table  H)  while  producing 
more  moderate  increases  in  chemiluminescence  (Figs.  1-3)  in  response  to  TCDD  is 
unknown.  The  chemiluminescence  assay  is  less  specific  with  respect  to  the  types  of  reactive 
oi^gen  species  detected  as  compared  to  the  cytxhrome  £  reduction  assay  which 
preferentially  detects  superoxide  anioa  TCDD  may  be  inducing  formation  of  reactive 
oxygen  species  other  than  superoxide  anion  which  are  detected  by  the  chemiluminescence 
assay  but  not  by  the  cytochrome  £  reduction  assay. 

The  incubation  of  hepatic  mitochondria  and  microsomes  with  endrin  and  lindane 
results  in  the  formation  of  thiobarbituric  acid  reactive  substances  (Table  m),  a  widely  \xscc 
index  of  lipid  peroxidatioa  The  partial  inhibition  by  SOD  of  the  lipid  peroxidation 
mitochondria  and  microsomes  induced  by  endrin  and  lindane  suggests  that  superoxide  am* 
is  involved.^  Similarly,  inhibition  of  the  lipid  peroxidation  by  catalase  indicates  tr . 
hydrogen  peroxide  may  also  be  involved.  These  observations  are  further  confirmed  by  .  - 
complete  inhibition  of  endrin  and  lindane-induced  lipid  peroxidation  by  the  combination 
SOD  and  catalase.  Furthermore,  the  use  of  the  radical  scavengers  mannitol  and  allopun;  • 
suggest  that  hydroxyl  radical  and  possibly  other  free  radicals  may  be  involved  in  the  lip<. 
peroxidation  initiated  by  endrin  and  lindane.  The  equilibrium  between  superoxide  anion. 
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PiJii: 


hydrogen  peroxide  and  hydroi^I  radical  is  well  known.^ 

The  incubation  of  rat  hepatic  microsomal  membranes  with  endrin,  lindane  and 
TCDD  clearly  demonstrates  a  decrease  in  membrane  fluidity  (Fig.  4).  Small  changes  in 
membrane  fluidity  can  reflect  large  changes  in  membrane  function.^  The  changes  in 
membrane  fluidity  may  be  due  either  to  a  direct  effea  of  these  xenobiodcs  on  the  structural 
integri^  of  the  membranes  or  due  to  an  increase  in  lipid  peroxidation.* 

Both  endrin  and  TCDD  have  been  shown  to  alter  caldum  homeostasis  in  rodents. 
An  influx  in  calcium  may  occur  as  a  result  of  altered  membrane  structure  and  function  in 
response  to  polyhalogenated  cyclic  hydrocarbons  as  endrin*  and  TCDD.*  Many  hydrolytic 
enzymes  are  activated  by  an  influx  of  calcium.  These  activated  enzyme  systems  are  believed 
to  play  an  important  role  in  cell  death  and  destruction.^* 

The  results  support  the  hypothesis  that  endrin,  TCDD  and  lindane  induce  the 
production  of  reactive  oxygen  species  at  multiple  sites.  These  reactive  oxygen  species  may 
lead  to  enhanced  lipid  peroxidation  as  well  as  other  cell  damaging  effects  including 
membrane  and  DNA  damage,  contributing  to  the  toxic  manifestations  of  these  xenobiotics. 
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Table  I 

Perceot  increases  in  chemiluminescence  following  incubation  of  peritoneal  macrophages  and 
hepatic  mitochondria  or  miaosomes  with  endrin,  lindane,  TCDD  and  PMA 


Compound 

Concentration 

(ng/ml) 

Maaophage 

%  of  Control  Peak 
Mitochondria 

Miaosomes 

Control 

0 

100 

100 

100 

Endrin 

100 

110 

149 

270 

Endrin 

10,000 

- 

200 

- 

I  j'nrinne 

100 

120 

174 

535 

TCDD 

100 

115 

160 

400 

PMA 

100 

130 

180 

670 

Peritoneal  macrophages  (3  x  10^  cells/ml)  and  mitochondria  or  miaosomes  (1  mg 
protein/ml),  were  used  in  each  1  ml  assay,  and  incubated  for  30  min  at  37*C  with  endnn. 
lindane,  TCDD  and  PMA.  The  CPM  at  the  peak  of  the  response  for  control  maaophages. 
mitochondria  or  microsomes  without  addition  of  a  xenobiotic  was  taken  as  100%.  The  data 
are  representative  of  4^  different  experiments. 
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Table  n 


In  vitro  production  of  superoxide  anion  (cytochrome  fi  raductioo)  foUoadng  Incubation  of 
macrophages,  mitochondria  and  microsomes  with  endrin,  Undano,  TCDO  and  PMA, 


Additions 
(100  ng/ml) 

Macrophages 
(nmol  ^t^hrome  g 
reduoed/15  min/ 
3x10*  ceUs) 

Hepatic  fflitocbondria 
(nmol  cytodirome  fi 
reduo^/15  min/ 
mg  of  protein) 

Hepatic  mkrosomas 
(offlol  cytochfome  g 
reduead/15  nda/ 
ng  of  protein) 

Control 

63iOJ 

482  1 0.9 

31i  1 1.0 

Endrin 

16  J  t  0.9* 

3082  ±  16J* 

Z663tlM3 

Lindane 

173  ±  0.8* 

360.6  ±  2M* 

3662  t  25  J* 

TCDD 

9.0  ±  0.6* 

683  ±  3  J* 

40Ji2i' 

PMA 

23.7  i  1.5* 

• 

• 

Data  are  expressed  as  the  mean  value  of  4-6  experimenti  t  8D.  The  incubation  time  wai 
15  min.  at  37*C  'P  <  O.OS  with  respect  to  the  control  group. 
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Tibtoin 


I 


MDA/nf  Dfotain 

Badrla  (100  ng/nl)  Uadaaa  (100  oi/nl) 

Mitoebondrla 

Control 

Uli0.1S 

lJ3a0AI 

Badrla  or 

3.72  a  0J2* 

3.95  a  0J5* 

f  SOD 

2J4  a  0.21* " 

2.50  a  0  JO*'** 

^  Catalaca 

2J0  a  022*  •• 

2J4  a  0JI‘* 

*  SOD  *  Catalaaa 

2X)1  a  0J4** 

1 J2  X  0J6** 

^  AUopurlaol 

2.12  a  0.12*** 

2J2  a  0J2** 

Manaltol 

2.95  a  0  JO*  •* 

2.92  X  0.41*'** 

1 

Hlaroionac 

Control 

2JiaoJS 

5.13  a  0J9* 

2.32  a  0J5 

Badrln  or  Uadaaa 

7  J9  a  0i2* 

f  SOD 

3.91  a  0.21*'** 

3.91  a  OJd*'** 

4  Catalaaa 

3.57  a  OJO*'** 

3.97  a  0.44*'** 

^  SOD  *  Catalaaa 

IS7  a  0.11** 

t99 1 0J7” 

*  AUopurlaol 

194  a  0.11*'** 

4 J5  a  0J9*'** 

^  Maaaltol 

3.50  a  0.11*** 

4M  a  0.49*'** 

Dita  ara  amaii^  aa  iba  naan  valua  of  4-d  axparlmanu  t  ID.  Tba  inoubadoo  dna  wu 
4$  min  if  J7*C  P  <  0.-^  with  raapaat  to  tha  control  froup,  ”P  <  0.05  wttb  recpact  to  tba 
aorracpoadlni  andrio  or  lindaaa  group. 
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LEGEND 


Pipire  1  •  Productioii  of  chemiluminescence  by  peritoneal  macrophages  (3  x  10^  cells/ml) 
incubated  ia  vitro  at  37*C  with  100  ng/ml  of  endrin,  lindane,  TCDD  and  PMA.  Luminol 
(4  mM)  was  added  U)  enhance  chemiluminescence.  PMA  was  used  as  a  positive  control. 

Figure  2  •  Production  of  chemiluminescence  hepatic  mitochondria  (1  mg  protein/ml) 
incubated  In  vitro  at  37*C  with  endrin,  lindane,  TCDD  and  PMA.  Luminol  (4  uM)  was 
added  to  enhance  chemiluminescence.  PMA  was  used  as  a  positive  controL 

Figure  3  .  Production  of  chemiluminescence  by  hepatic  miaosomes  (1  mg  protein/ml) 
incubated  in  vitro  at  37*C  with  endrin,  lindane,  TCDD  and  PMA.  Luminol  (4  mM)  was 
added  to  enhance  chemiluminescence.  PMA  was  used  as  a  positive  controL 

Figure  4  .  Increases  in  the  microviscosity  of  hepatic  microsomal  membranes  incubated  at 
37  *C  with  100  og/ml  endrin,  lindane  and  TCDD.  l,6-Dipbenyl-l,3,5-hexatriene  (0.50  mM) 
was  used  as  the  fluorescent  probe.  The  excitation  and  emission  wavelengths  were  365  and 
430  nm,  respectively. 
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SUMMARY!  A  high  presiure  liquid  chromatographic  (HPLC)  method  hu  been  developed 
for  the  sifflultaneoua  deteiminatioii  of  serum  levels  of  malondialdehyde,  fbrtnaldehyde, 
acetaldehyde  and  acetone.  Serum  samples  were  derivatized  with  2,4<dioitropheiiyllq^drazuie 

I 

(DNPH)  to  form  the  oorre^ndiug  faydrazooes  of  the  four  lipid  metabolites,  ^ne 
bydrazones  were  extracted  with  pentane  and  chromatographed  on  a  MBondiqwk  C^g  columiL 
Acetonitrile*water  (49:51  v/v)  was  used  as  the  mobile  phase.  Treatment  of  rets  with  2,4,7,8- 
tetrachlorodibenzo-p^oxin  (TCDD)  (SO  Mg/hg)  resulted  in  marked  time-dependent 
increases  in  the  serum  levels  of  the  four  metabolites.  This  HPLC  method  for  identifying 
and  quantitating  formaldehyde,  malondialdehyde,  acetaldehyde  and  acetone  is  r^id  and 
highly  reproducible.  The  method  has  widespread  applicability  to  the  assessment  of 
metabolic  alterations  produced  by  drugs,  disease  states  and  toxicants. 

imQDuaiQM 

Various  toxicants  including  2,3,7,8-tetrachlorodibenzu-p-dioxin  (TCDD),  endrin,  carbon 
tetrachloride  and  paraquat  are  known  to  induce  oxidative  stress  resulting  in  enhanced  lipid 
peroxidation  (1).  The  peroxidation  of  membrane  lipids  is  associated  with  a  wide  variety  of 
toxicological  effects,  including  inq)aired  mitochondrial  and  golgi  apparatus  functions, 
inhibition  of  enzymes  associated  with  various  organelles  including  the  end(q>lasmic 
reticulum,  membrane  damage  associated  with  decreased  membrane  fluidify,  and  impaired 
calcium  homeostasis  (2-4).  Lipid  peroxidation  reflects  the  interactioa  between  molecular 
oxygen  and  polyunsaturated  fatty  acids,  resulting  in  the  oxidative  deterioration  of  the  latter 
with  the  production  of  various  breakdown  products  including  alcohols,  aldehydes,  ketones 
and  ethers  (5,6).  Lipid  peroxidation  products  leak  from  organs  or  tissues  into  the  blood 


stretin,  and  may  be  excreted  in  the  urine  (2.4).  Recent  studies  have  shown  that  the  lipid 
metabolites  formaldehyde  (FAX  malondialdehyde  (MDAX  acetaldehyde  (ACT)  and  acetone 
(ACON)  are  normally  excreted  in  the  urine,  and  an  increase  in  the  excretion  of  these  four 
products  occurs  in  response  to  a  variety  of  xenobiotics  whidi  induce  oxidative  stress  and/or 
lipid  peroxidation  (1).  However,  the  changes  v^ch  occur  in  the  serum  levels  of  these 
metabolites  in  response  to  enhanced  lipid  peroxidation  have  not  been  studied 

Serum  MD  A  following  derivadzation  with  2,4Klini trophenylhydrazine  (DNPH)  was  identified 
by  Kawai  et  al.  (7)  using  similar  HPLC  techniques  to  those  of  Ekstrom  et  al.  (8),  while 
Largilliere  and  Melancon  (9)  determined  free  MDA  in  plasma  by  HPLC.  Free  ACT  in 
b'ood  has  been  determined  as  the  DNPH  derivative  by  HPLC  (10).  However,  the  identity 
of  the  hydrazone  from  serum  which  had  been  derivatized  with  DNPH  was  not  confirmed 
by  mass  spectrometry.  In  the  present  study,  four  lipid  metabolites  have  been  identified 
simultaneously  in  the  serum  of  rats  by  HPLC  and  gas  chromatography«mass  spectroscopy, 
and  quantitated  by  HPLC.  The  procedures  are  modifications  of  the  methods  previously 
described  for  the  identification  and  quantitation  of  these  metabolites  in  urine  (1).  In 
addition,  the  effect  of  a  chemically  (TCDD)  induced  oxidative  stress  on  the  serum  levels  of 
these  metabolites  has  been  examined  in  rats. 

MATERIALS  AND  METHODS 

Animals 

Female  Sprague«Dawley  rats,  weighing  140>160  g,  were  obtained  from  Sasco,  Inc.  (Omaha, 
NE,  USA).  All  animals  were  housed  two  per  otge  and  allowed  to  acclimate  to  the 
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environinent  for  four  to  five  days  prior  to  eiq>erimental  use.  The  were  allowed  free 
access  to  tap  water  and  food  (Purina  Rodent  Lab  Chow  #5001).  The  rats  were  housed  at 
a  temperature  of  21  *C  with  lighting  from  6  a^n.  to  6  p.m. 


Chemicals 

23>7,8*Tetrachlorodibenzo*p-dioxin  (TCDD)  was  obtained  from  the  Chemical  Resource 
Program,  National  Cancer  Institute  (Bethesda,  MD).  All  other  chemicals  used  in  the  study 
were  obtained  from  Sigma  Chemical  Co.,  St  Louis,  MO,  and  were  of  analytical  grade  or  of 
the  highest  grade  available. 


Animals  and  lYeatment 

Ad  libitum  fed  control  and  TCDD-treated  rats  had  free  access  to  tap  water  and  food.  Since 
TCDD  causes  hypophagia,  pair*fed  rats  were  also  used.  Pair*fed  rats  received  an  amount 
of  the  diet  equivalent  to  the  amount  of  diet  consumed  by  TCDD>treated  partner  rats  during 
the  previous  day.  TCDD-treated  rats  received  50  ug/kg  orally  in  com  oil  containing  lO'r 
acetone.  Ad  libitum-fed  and  pair-fed  rats  received  the  vehicle.  The  animaU  were  killed  a: 
0,  3,  6,  9  or  12  days  post-treatment. 


Blood  Collection 

Blood  samples  were  collected  from  TCDD-treated,  ad  libitum-fed  control  and  pair-fed  rau 
At  termination,  the  rats  were  exsanguinated  via  cardiac  puncture  under  CO,  anesthesu 
Serum  was  separated  and  stored  at  -70 'C  until  assays  were  performed,  usually  within  li' 
days. 
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DtrivatisatiM  Md  Ami^  of  Seram  Samplef 

2,4*Dinitrophei]yUiydraeine  (DNPH)  wts  used  as  the  derivatizing  agent  in  the  identification 
and  quantitation  of  serum  lipid  metabolites.  DNPH  (310  mg)  was  dissolved  in  100  ml  of 
2M  HG  to  make  the  derivatizing  reagent  Serum  (0.25  ml)  was  mixed  with  025  ml  of  O.IS 
M  NaG.  4.4  ml  of  water,  and  0.1  ml  of  DNPH  reagent  vortexed  and  allowed  to  stand  for 
10  min.  Trichloroacetic  add  (2J5  ml  of  20%)  was  adtted,  and  the  samples  were  centrifuged 
at  3000  g  for  20  min.  Pentane  (IS  ml)  was  added  to  each  clear  supernatant  firaction,  the 
tubes  were  intermittently  vonexed  for  30  min,  and  the  organic  phases  were  removed.  The 
aqueous  phases  were  extracted  twice  more  with  IS  ml  aliquots  of  pentane.  The  pentane 
extracts  were  combined,  evaporated  under  a  stream  of  nitrogen  in  a  37*  C  water  bath,  and 
reconstituted  in  0.40  ml  of  acetonitrile.  A  2S  ^1  aliquot  of  each  sample  was  injected  onto 
a  high  pressure  liquid  chromatographic  (HPLC)  column  and  the  peaks  were  isocratically 
eluted  as  described  below. 

HPLC 

The  HPLC  system  consisted  of  a  Waters  model  SIO  pump  (Waters,  Milford,  MA),  a  Waters 
model  U6K  loop  injector,  a  3.9  x  300  mm  10  urn  reverse  phase  MBondapak  column  fitted 
with  a  Rainin  5  /im  RP  OD-GU  pre-column,  a  Waters  model  484  tunable  absorbance 
detector  and  a  Fisher  Recordall  series  5000  (Fisher,  St.  Louis,  MO)  strip  chart  recorder. 
The  acetonitrile-water  (49:51  v/v)  mobile  phase  was  filtered  through  a  Rainin  0.45  um 
nylon-dd  filter  (Rainin,  Woburn,  MA),  degassed  using  a  Millipore  filtration  kit  (Rainin, 
Woburn,  MA),  and  pumped  at  a  flow  rate  of  1  ml/min.  The  detector  was  set  at  a 
wavelength  of  330  nm  and  0.03  absorbance  units  full  scale  (AUFS).  The  chart  recorder 
speed  was  0.25  cm/min.  Following  injection  of  a  sample,  the  isocratic  elution  was  carried 
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out  for  40  min. 


Hydratone  Standards 

Synthetic  hydrazone  derivatives  were  prepared  by  reacting  formaldehyde  (FA), 
malondialdehyde  (MDA),  acetaldehyde  (ACT)  or  acetone  (ACON)  with  DNPH  reagent 
(1:1^  mole).  The  reaction  proceeded  rapidly  at  room  temperature.  The  precipitated 
bydrazones  were  filtered,  dried  and  reoystallized  from  methanol.  Solutions  containing  the 
four  synthetic  bydrazones  were  chromatographed  as  described  previously  (1).  Serum 
samples  were  spiked  with  known  amounts  of  each  of  the  synthetic  bydrazones  to  identify 
and/or  confirm  the  serum  bydrazones  by  HPLC  coelution. 

To  calculate  the  percent  extraction  recoveries,  0,  S,  10,  15,  20  or  25  nmoles  of  each  of  the 
synthetic  bydrazones  of  FA,  ACT,  MDA  and  A(X>N  were  added  to  quadruplicate  0.25  ml 
serum  samples  obtained  from  cr)ntrol  animals  during  a  single  coUectioa  The  same 
extraction  procedure  described  above  was  applied  and  the  percent  recoveries  were 
calculated. 

Calibration  curves  for  each  of  the  synthetic  bydrazones  were  generated  by  chromatographing 
2.5,  5,  15,  30,  50,  80  nmoles/ml  each  of  FA,  ACT  and  ACON,  and  1,  2,  5,  10,  20,  40 
nmoles/ml  of  MDA  and  measuring  the  peak  heights.  Peak  heights  were  plotted  against 
concentration. 

Gas  Chromatography  •  Mass  Spectroscopy  (GC«MS) 

In  order  to  confirm  the  identities  of  the  four  metabolic  products  in  the  serum,  gas 
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diroflutograplqf  ooinUiied  with  mass  spectrometty  anafyMs  (OC'MS)  was  perfbnoed.  The 
OC*MS  system  consisted  of  a  Hewlett-Packard  OC  model  5890  (Fullerton,  CA,  USA)  with 
a  15  m  o^ai^'  column  (Supelco  SPB-5,  Bellefonte,  PA,  USA)  of  0J2  mm  internal 
diameter  and  0^  Mm  film  thickness,  which  was  connected  directfy  to  the  mass  spectrometer 
via  a  heated  transfer  line.  The  transfer  line  temperature  was  maintained  at  250*  C  Helium 
was  used  as  the  carrier  gas  at  an  average  linear  velocity  of  65.8  cm/s,  and  the  injector 
temperature  was  230 *C  The  injector  was  operated  in  the  splitless  mode.  Hie  temperature 
program  was  set  as  follows:  the  starting  temperature  was  75  *  C,  and  was  increased  to  175  *  C 
at  inaements  of  25*C/min.  Between  175*C  and  200*C  the  temperature  was  increased  at 
a  rate  of  5*C/min,  and  finally  to  300*C  at  increments  of  25*C/mm.  The  mass 
spectrometer  was  a  Finnigan-MAT  model  50  B  quadrupole  instrument  (Palo  Alto,  CA, 
USA)  in  combination  with  an  INCOS  data  system.  The  instrument  was  set  on  electron 
ionization  mode.  The  ion  source  temperature  was  180  *C  and  the  ionization  energy  was  70 
eV.  The  ^tem  was  coupled  to  a  Data  General  computer  model  DG  10  (Soutbboro,  MA, 
USA)  and  a  Printronix  model  MVP  printer  (Irvine,  CA,  USA). 

For  GC-mass  analysis,  the  four  hydrazone  derivatives  of  FA,  ACT,  MDA  and  ACON  were 
dissolved  in  chloroform  (50  ng/Ml).  Similarly,  hydrazine-derivatized  serum  samples  were 
reconstituted  in  chloroform.  Samples  (2  mI)  of  standards  and  extracts  were  injected  onto  the 
GC-MS. 


Following  the  full  spectrum  identification  of  each  of  the  hydrazones,  a  selected  ion 
monitoring  (SIM)  program  was  prepared  and  additional  spectra  were  obtained  in  the  SIM 
mode. 
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Slfliitlctl  Milkodf 


Significant  diflerenoet  between  the  different  treatment  group!  waa  aweiied  by  Anaiyili  of 
Variance  (ANOVA).  Sdieffe’i  S  method  wai  uied  ai  the  poet-boc  aneiimettt  to  determine 
significance  between  values  within  and  between  group!  (P  <  0.05). 

RESULTi 

Identi/lcation  of  strum  Upld  mttaboUtti 

Utilizing  HPLC  and  OC  coelution  method!  af  well  as  MS  techniques,  malondialdebyde 
(MDA),  formaldehyde  (FA),  acetaldehyde  (ACT)  and  acetone  (AOON)  were  identifled  in 
serum  from  untreated  rats. 

UV'visible  scan  studies  indicated  that  tne  absorptioo  maaima  of  the  four  synthetic 
bydrazones  of  MDA,  FA,  ACT  and  AGON  were  307,  349, 359  and  3d2  nm,  respectively. 
Therefore,  3.30  nm  was  routinely  used  to  monitor  these  compounds  by  HPLC.  The 
extraction  recoveries  of  the  MP  ACT  and  ACON  hydrazones  from  serum  were  71.6, 
78.8, 88.7  and  70.7%,  respectively,  based  on  studies  involving  the  addition  of  known  amounts 
of  the  hydrazone  derivatives  to  control  serum. 

HPLC  chromatograms  of  the  mixture  of  four  hydrazone  standards,  serum  from  control  rats, 
spiked  serum  from  control  animals,  and  serum  from  TCDD*treated  rats  are  presented  in 
Figs.  lA,  IB,  1C  and  ID,  respectively.  The  retention  times  for  the  standards  (Fig.  lA) 
corresponded  with  the  chromatographic  peaks  for  extracts  of  serum  (Fig.  IB),  and  co^lutioo 
occurred  when  the  standards  were  added  to  the  serum  samples.  Fig.  1C  depicts  a  typical 
HPLC  chromatogram  where  serum  samples  were  spiked  with  qmthetlc  hydrazone  samples 
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to  Idtod^r  lod  ooofiiB  ibt  lifum  bydratooM  by  oo^hitloa.  Hm  liicniM  io  Mnun 
cooctmratfpoi  of  tbt  fbur  mitabeUtii  ii  ividom  la  Plf.  ID  followlof  troatmtat  of  tbo 
aalaiilf  with  TCIM). 

Plf.  2A  li  a  typloal  OC-Mf  aludoa  proflla  of  iba  hydraaoaM  of  ftaadard  MDA.  PA,  ACT 
aadAOOff.  Pig.  H  b  a  ftiM«Kiiimla|  OCMS  of  tbt  bydfaaoaa  darivatlvii  tatraciod  from 
a  MnuB  Miapli.  Tbi  ordar  of  flutloa  of  tba  four  bydnsoBM  uyoa  OC  wai  liaiUar  but  not 
IdfBtloal  to  tbit  of  HPLC  Hif ra  ara  two  ootabla  diffiraneai  aa  oomparad  to  tba  KPLC 
pioflla.  Hia  fonaaldabyda  bydraaona  (PA)  daHvatlva  (SA  nilo)  alutad  flnt  upon  OC  and 
acatoaa  bydraaona  (AOON)  darlvatlva  (7 A  mla)  alutad  lait  Tba  ordar  of  OC  alutJon  of 
MDA  aad  PA  wai  ravanad  la  eontraat  to  tba  ordar  obaaivad  on  HPLC  In  addition,  tba 
aaitaldahyda  bydraaona  (ACT)  darlvatlva  aablMtad  two  paaki  (6J  and  6A  ndn)  on  OC. 
corraipondlng  to  lu  lyn  and  antllioman  wbldb  wara  laparatad  by  OC  aad  not  by  HPLC 
(Pip.  lA  aad  2A).  Tba  M$  data  for  tba  four  larum  lipid  mataboUtai  wara  oomparad  with 
lynthatie  bydraaona  itandardi  and  Mlactiva  ion  monitoring  (SIM)  wai  uiad  to  provide 
birtbar  confirmation  of  tba  idantlty  of  tba  four  ilpid  matabolitai  la  Mnun,  ai  daicribed 
pravioufiy  (1)  (data  not  ibown). 

Quantitation  of  $vum  Lipid  Mitaboiitu 

Oai  ehronutopapby  ii  not  idaai  for  quantiution  bacauM  of  poor  paak  ibapa  of  the 
hydrazor'a  lamplai,  but  ii  umAiI  for  idantifleatlon  by  OCM8.  AU  tha  bydraaona  darivativet 
ara  waii  chromatopaphad  by  HPLC,  and  tbui  HPLC  wu  amployad  for  quantitation.  The 
accuracy  of  tha  HPLC  quantitation  tachniqua  wu  datarmlnad  by  tba  itaadard  addition 
tachniqua.  Addition  of  avan  5  pmolai  of  any  of  thau  bydraaona  darlvatlvu  wu  aaeuratcly 
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itfltcttd  in  tbepeak  belghts.  Hie  limitt  of  detection  for  MDA,  FA,  ACT  and  AGON  were 
2,  Oi,  OJ  and  0J2  pmolei  ii^ected,  respectively. 

Calibration  curves  for  each  of  the  synthetic  hydrazones  of  MDA,  FA,  ACT  and  ACON  were 
generated.  The  various  concentrations  for  eadi  standard  were  ii^ected  and 
chromatographed,  and  the  concentrations  of  the  MDA,  FA,  ACT  and  ACON  hydrazones 
were  plotted  against  the  peak  height  obtained.  Peak  heights  were  directly  proportional  to 
the  amount  of  hydrazone  injected.  In  each  case,  the  calibration  line  was  linear,  with  all 
pointt  having  a  very  small  standard  deviation.  The  r  values  were  0.9917  for  MDA,  0.9867 
for  FA,  0.9798  for  ACT  and  0.9853  for  ACON. 

Tables  14  provide  quantitative  data  of  serum  FA,  MDA,  ACT  and  ACON  levels  in  ad 
libitum'fed  control,  pnir-fed  control  and  TCDD«treated  animals  on  di^  3, 6, 9  and  12.  The 
results  are  presented  in  mnoles/ml  of  serum.  Table  1  shows  the  levels  of  serum  MDA  in 
pair-fed  control  and  TCDD-treated  rats  relative  to  ad  libitum-fed  control  anlmAlii.  As  can 
be  seen,  Increases  of  approximately  1.4-,  1.9-,  2.0-  and  2  J-fold  occurred  in  the  serum  MDA 
on  days  3, 6,  9  and  12  in  pair-fed  rats  as  compared  to  ad  libitum-fed  control  animaif,  while 
increases  of  2.4-,  3  J-,  3.6-  and  3.8-fo)d,  respectively,  occurred  in  TCDD-treated  ratt  as 
compared  to  ad  libitum-fed  control  animals. 

Table  2  depicu  the  increases  in  serum  FA  in  pair-fed  control  and  TCDD-treated  rats  on 
days  3, 6, 9  and  12  post-treatment.  As  compared  to  ad  libitum-fed  control  animals,  serum 
FA  increased  by  approximately  1 J-,  1.8-,  2.1-  and  2.2-fold  in  pair-fed  animaU,  amd  1.4-,  2J-, 
3.1-  and  2.6-fold,  respectively,  in  TCDD-treated  rats  on  days  3,  6,  9  and  12. 
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Table  3  preaeuti  lenun  ACT  levels  in  ad  libitumofed  control,  pair*fed  onitrol  and  TCDD- 
treated  rats  3, 6, 9  and  12  days  after  initiation  of  the  study.  As  conq>ared  to  ad  libituin*fed 
control  anitnain-  serum  ACT  increased  by  12^  1 1 and  1.6-fold  in  pair-fed  animals,  and 

1.6- ,  2J-,  3.1-  and  3.0-fold,  respectively,  in  TCDD-treated  animals  on  days  3,  6,  9  and  12. 

Table  4  provides  the  levels  of  serum  AGON  in  ad  h1>itum-fed  control,  pair-fed  control  and 
TCDD-treated  rats  on  days  3,  6, 9  and  12.  Serum  ACON  increased  by  approximately  13-, 
23-,  43-  and  4.7-fold  on  days  3.  6,  9  and  12,  respectively,  in  pair-fed  ftnimaU  as  comp/*red 
to  ad  libitum-fed  control  animals.  However,  serum  ACON  increased  by  2.7-,  6.9-,  9.4-  and 

8.6- fold  at  these  same  four  timepoints,  respectively,  as  compared  to  ad  libitum-fed  control 
animals.  Under  the  influence  of  TCDD  the  maximal  increase  in  serum  ACON  was  observed 
on  the  9th  day  post-treatment. 


DISCUSSION 


The  four  lipid  metabolites  FA,  MDA,  ACT  and  ACON  have  been  conclusively  identified 
in  rat  blood  serum  by  GC-MS  and  quantitated  a  single  HPLC  system.  The  HPLC  ^tem 
provides  a  rapid,  convenient,  reproducible  method  for  the  simultaneous  detection  and 
quantitation  of  these  four  metabolic  products.  The  technique  has  numerous  potential 
applications  to  the  study  of  metabolic  alterations  as  a  result  of  drugs,  toxicants  and  diseases. 
The  detection  limit  is  approximately  5-10  pmoles  for  any  of  the  four  lipid  metabolites  in  a 
1.0  ml  aliquot. 
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Ekstrom  rapwted  the  detection  of  urinAiy  MDA  efter  derivitizing  with  DNPH 

and  separttinc  the  adducti  by  HPLC  Senim  MDA  was  identified  by  Kiwai  sLll*  (7)  using 
similar  HPLC  tedmiques,  while  LargUliere  and  Melanoon  (9)  detennined  free  MDA  in 
plasma  by  HPLC.  Free  ACT  in  blood  has  been  detennined  as  the  DNPH  derivative  by 
HPLC  <10).  We  have  identified  and  quantitated  (1)  urinary  FA,  MDA,  ACT  and  ACON 
by  HPLC  techniques.  However,  no  previous  studies  have  simultaneously  identified  and 
quantitated  these  four  metabolic  products  in  serum. 

The  increases  in  these  four  lipid  metabolites  in  serum  may  be  either  due  to  lipid 
peroxidation  or  beta  oxidation.  A  detailed  study  was  carried  out  on  MDA  metabolism  and 
excretion  (12)  and  MDA  appeared  ro  be  extensively  metabolized  to  acetate  and  carbon 
dioxide.  The  acetaldehyde  identified  in  this  study  may  arise  from  the  degradation  of  MDA 
Previous  studies  have  shown  that  TCDD  produces  a  marked  increase  in  the  formation  of 
MDA  in  the  liver  (13,14),  and  maximal  tissue  MDA  levels  were  attained  within  5*7  days 
following  the  administration  of  a  single  dose  of  TCDD. 

The  inaeased  excretion  of  ACON  in  response  to  oxidative  stress  is  well  known  (15,16).  Rat 
liver  microsomes  are  known  to  metabolize  glycerol  to  FA  (17).  Glycerol  is  a  product  of  the 
metabolism  of  triglycerides  by  adipose  tissue  and  other  tissues  that  possess  the  enzyme  that 
activates  glycerol,  namely  glycerol  kinase  ( 17).  Liver  and  brown  adipose  tissues  contain  high 
glycerol  kinase  levels  (17).  Other  possible  sources  of  FA  are  degradation  products  of  MDA 
to  acetate  and  a  one  carbon  fragment  or  the  breakdown  of  acetoacetic  add  to  ACON  and 
a  one  carbon  fragment  (12). 
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In  summaiy,  the  HPLC  method  for  identifying  and  quantitating  MDA,  FA*  ACT  and  ACON 
is  rapid*  relativefy  simple,  and  highly  reproducible.  As  such*  the  method  should  have 
widespread  iq)pllcability  to  the  study  of  metabolic  changes  associated  with  these  four 
products  under  a  variety  of  pathological*  toxicological  and  pharmacological  comlitions. 
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Tible  1.  Senim  levels  of  maloiidialdeliyde  in  control,  p•i^fed  and  TCDD-treated  female 
Sprague-Dawley  rats 


nmoles  Malondialdehyde  (MDA)/inl  serum 

Days 

Post-Treatment 

Ad  Libitum  Fed 
Control  Rats 

Pair-Fed  Rats 

TCDD  Treated 
(50  Mg/ltg)  Rats 

0 

1.15  ±  022 

• 

• 

3 

1.43  ±  028* 

1.76 1  0.17" 

2.98  ±  024* 

6 

123  ±  0.17* 

225  ±028^ 

4.13  ±  026* 

9 

128  ±  021* 

226  ±024* 

424  ±029* 

12 

U6  ±  0.25* 

2.93  t  023* 

4.84  ±  022* 

Rats  received  SO  Mg  TCDD/lcg  as  a  single  oral  dose  in  com  oil:aoetone  (10:1)  or  the  vehicle. 
Each  value  is  the  mean  ±  S.D.  from  4  animals.  For  each  time  point,  v^ues  with  non* 
identical  superscripts  are  statistically  significant  (P  <  0.05). 


15 


Table  2.  Semin  leveli  of  formaktefayde  in  control,  pairM  and  TDDD>treated  female 
Sprague^Dawley  rats 


nmoles  formaldehyde  (FA)/ml  serum 

Days 

PostTreatment 

Ad  Libitum  Fed 
Control  Rats 

Pair-Fed  Rats 

TCDD  Treated 
(SO  Mg/hg)  Rats 

0 

2.46  ±  0.46 

• 

m 

3 

2.04  i  OJl* 

2M  t  0.43'» 

321 1  037* 

6 

221  ±  0.23* 

4.17  ±  0.65‘ 

5.79  ±  0.61* 

9 

2.48  ±  036* 

4.76  ±  032* 

6.98  ±  0.72* 

12 

2.15  ±  0.19* 

4.94  ±  037* 

5.86  ±  0.63* 

Rats  received  SO  Mg  TCDD/kg  as  a  single  oral  dose  in  com  oil:acetoae  (10:1)  or  the  vehicle. 
Each  value  is  the  mean  ±  S.D.  from  4  animals.  For  each  time  point,  values  with  non* 
identical  superscripts  are  statistically  significant  (P  <  0.05). 
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Table  3.  Senim  levels  of  acetaldehyde  in  control*  pair*fed  and  TODD-treated  female 
Sprague*Dawley  rats 


Days 

Post-Treatment 

nmoles  of  acetaltfehyde  (ACr)/ml  serum 

Ad  Libitum  Fed 
Control  Rats 

Pair-Fed  Rats 

TCDD  Treated 
(50  Mg/kg)  Rats 

0 

16.48  ±  1.71 

• 

- 

3 

13.23  ±  1.43“ 

17.67  ±  122* 

22.64  ±  233* 

6 

15.66  ±  1.41* 

1832  ±  0.97* 

3531  ±  2.94* 

9 

14.42  ±  1.73“ 

2136  ±  1.83* 

43.93  ±  3.86* 

12 

14.16  ±  138* 

22.84  ±  1.92* 

42.6  ±  2.78* 

Rats  received  SO  Mg  TCDD/kg  as  a  single  oral  dose  in  com  oi]:acetone  (10:1)  or  the  vehicle. 
Each  value  is  the  mean  ±  S.D.  from  4  animals.  For  each  time  point,  v^ues  with  non* 
identical  superscripts  are  statistically  significant  (P  <  0.05). 
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Table  4.  Semin  levels  of  loetooe  in  control,  pair^fed  and  TDDD>treated  female  Sprague- 
Dawley  rats 


nmoles  Acetone  (ACON)/tnl  Serum 

Days 

Post-Treatment 

Ad  Libitum  Fed 
Control  Rats 

Pair-Fed  Rats 

TCDD  Treated 
(SO  Mg/ltg)  Rets 

0 

1.98  ±  032 

• 

3 

1.64  ±  0.15" 

2.27  ±  032^ 

4.89  ±  0.71* 

6 

1.76  ±  0.16* 

4.19  t  038^ 

12J8  ±  132* 

9 

1.82  ±  O-IT* 

7.78  ±  0.83^ 

16.80  ±  1.07* 

12 

1.78  ±  0.19* 

8J6  ±  0.92^ 

15.46  ±  132* 

Rats  received  50  ug  TCDD/kg  as  a  single  oral  dose  in  com  oil:acetone  (10:1)  or  the  vehicle. 
Each  value  is  the  mean  ±  S.D.  from  4  animals.  For  each  time  point,  vdues  with  non* 
identical  superscripts  are  statistically  significant  (P  <  O.OS). 
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FIG.  1.  Chromatognun  of  DNPH  derivatives  of  malondialdeljyde  (MDA), 
fbrmaldeb^e  (FA),  acetaldehyde  (ACT),  and  acetone  (AGON);  A  • 
standards;  B  •  serum  from  control  animals;  C  •  serum  from  control  rats  spiked 
Mrith  0.60  nmoles  MDA,  15  nmoles  FA,  22  nmoles  ACT  and  15  nmoles 
AGON;  and  D  •  serum  from  TCDD>treated  rats.  25  m1  of  each  sample  was 
injected. 


FIG.  2.  A  •  Pull  scanning  GC'MS  of  DNPH  derivatives  of  formaldehyde  (FA), 
malondialdehyde  (MDA),  acetaldehyde  (ACT),  and  acetone  (A(^N) 
standards;  B  <  Full  scanning  GC*MS  of  rat  serum  sample  containing  FA, 
MDA,  ACT,  and  AGON  as  the  DNPH  derivatives. 
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